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ABSTRACT
Context. Accurate atomic data is an essential ingredient for the calculation of reliable non-local thermodynamic equilibrium (NLTE)
model atmospheres that are mandatory for the spectral analysis of hot stars.
Aims. We aim to search for and identify for the first time spectral lines of copper (atomic number Z = 29) and indium (Z = 49) in hot
white dwarf (WD) stars and to subsequently determine their photospheric abundances.
Methods. Oscillator strengths of Cu iv - vii were calculated to include radiative and collisional bound-bound transitions of Cu in our
NLTE model-atmosphere calculations. Oscillator strengths of In iv - vi were compiled from the literature.
Results. We newly identified 1 Cu iv, 51 Cu v, 2 Cu vi, and 5 In v lines in the ultraviolet (UV) spectrum of DO-typeWDRE0503−289.
We determined the photospheric abundances of 9.3 × 10−5 (mass fraction, 132 times solar) and 3.0 × 10−5 (56 600 times solar),
respectively; we also found Cu overabundances in the DA-type WD G191−B2B (6.3 × 10−6, 9 times solar).
Conclusions. All identified Cu iv-vi lines in the UV spectrum of RE 0503−289 were simultaneously well reproduced with our newly
calculated oscillator strengths. With the detection of Cu and In in RE 0503−289, the total number of trans-iron elements (Z > 28) in
this extraordinary WD reaches an unprecedented number of 18.
Key words. atomic data – line: identification – stars: abundances – stars: individual: G191−B2B – stars: individual: RE0503−289 –
virtual observatory tools
1. Introduction
The hydrogen-deficient (DO-type) white dwarf (WD)
RE 0503−289 (WD0501-289; McCook & Sion 1999a,b) is lo-
cated in the logTeff – log g plane (Fig. 1, Teff =70 000 ± 2000K
and log (g / cm s−2) = 7.5 ± 0.1; Rauch et al. 2016b) in the
transition zone between those post-asymptotic giant branch
(post-AGB) stars with still high luminosity and a stellar wind
still strong enough to provide a chemically homogeneous
photosphere and the WD cooling sequence where gravity
efficiently pulls metals down and out of the photosphere. In
this region the interplay of radiative levitation and gravitational
settling is responsible for stratification, i.e., metals float up and,
thus strong abundance enhancements are observed. Trans-iron
⋆ Based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26666.
⋆⋆ Based on observations made with the NASA-CNES-CSA Far Ul-
traviolet Spectroscopic Explorer.
⋆⋆⋆ Tables A.13 to A.16 are only available via the German Astrophys-
ical Virtual Observatory (GAVO) service TOSS (http://dc.g-vo.
org/TOSS).
elements (TIEs), with their many spectral lines due to their
only partially filled electron shells, are especially involved in
this process. Thus, although unexpected, it was not surprising
that Werner et al. (2012b) discovered lines of ten TIEs in the
ultraviolet (UV) spectrum of RE 0503−289. Due to the lack
of atomic data for TIEs at that time, it was only possible to
determine the Kr and Xe abundances that are about 450 and
3800 times solar, respectively.
Since 2012 we have calculated oscillator strengths of sev-
eral TIEs (TableA.4) and successfully identified their lines
in the spectra of RE 0503−289, G191−B2B (WD0501+527;
McCook & Sion 1999a,b, see additional references in Ta-
bleA.4), WD0111+002, PG 0109+111, and PG 1707+427
(Hoyer et al. 2017). To search for Cu and In lines in the UV
spectrum of RE 0503−289 and G191−B2B, we calculated new
oscillator strengths for Cu and compiled In data from the liter-
ature. In Sect. 2, we briefly describe the available UV observa-
tions. Our model-atmosphere code and the considered atomic
data is introduced in Sect. 3. We summarize our results and con-
clude in Sect. 4.
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Fig. 1. Location of RE 0503−289 (with its error ellipse) and re-
lated objects (Hügelmeyer et al. 2006; Kepler et al. 2016; Reindl et al.
2014b,a; Werner & Herwig 2006) in the log Teff – log g plane1. Evolu-
tionary tracks for H-deficient (Althaus et al. 2009, full lines) and H-
rich WDs (Miller Bertolami 2016, dashed lines) labeled with their re-
spective masses in M⊙ are plotted for comparison. “Wind limits” of
Unglaub & Bues (their Figs. 6 and 13, 2000, digitized with Dexter2) are
shown. The lines indicate for H-deficient stars A: so-called PG1159
wind limit calculated with M˙ = 1.29×10−15L1.86; B and C: photospheric
carbon content is reduced by factors of 0.5 and 0.1, respectively; D: no
PG1159 star is known to the right of this line, and for H-rich stars E:
wind limit; and F: He/H = 10−3 (by number).
2. Observations
For our spectral analysis, we used UV spectra obtained with the
Far Ultraviolet Spectroscopic Explorer (FUSE, 910Å < λ <
1190Å, resolving power R ≈ 20 000) and the Hubble Space
Telescope / Space Telescope Imaging Spectrograph (HST/STIS,
1144Å < λ < 1709Å with R = 2.3 × 105 for G191−B2B and
R ≈ 45 800 for RE 0503−289). All spectra are described in de-
tail in Rauch et al. (2013) and Hoyer et al. (2017).
The observed spectra shown here (FUSE for λ ≤ 1188Å,
STIS otherwise) were shifted to rest wavelengths, using
vrad = 24.56 km s−1 for G191−B2B (Lemoine et al. 2002) and
25.8 km s−1 for RE 0503−289 (Hoyer et al. 2017). To compare
them with our synthetic spectra, they were convolvedwith Gaus-
sians to simulate the respective instrument resolving power.
3. Model atmospheres and atomic data
For the precise spectral analysis of hot stars, model atmo-
spheres that consider deviations from the local thermodynam-
ical equilibrium (LTE) are mandatory. The Tübingen non-
local thermodynamic equilibrium (NLTE) model-atmosphere
package (TMAP, Werner et al. 2012a) can calculate such mod-
els that it assumes radiative and hydrostatic equilibrium and
plane-parallel geometry. The Tübingen Model Atom Database
(TMAD, Rauch & Deetjen 2003) provides the model atoms for
elements with atomic number below 20. TMAD has been con-
structed as part of the Tübingen contribution to the German As-
trophysical Virtual Observatory (GAVO).
The ionization stages of Cu iv-vii and In iv-vi were repre-
sented in the model atoms using so-called super levels and su-
1 cf. http://www.astro.physik.uni-potsdam.de/~nreindl/
He.html for stellar parameters
2 http://dc.zah.uni-heidelberg.de/sdexter
Table 1. Statistics of the Cu iv - vii, atomic levels and line transitions
from TablesA.13 - A.16 and of In iv - vi compiled from the literature
(Sect. 4). The super levels and lines are used in our model-atmosphere
calculations.
Ion Atomic levels Lines Super levels Super lines
Cu iv 297 8785 7 15
v 247 5456 7 16
vi 254 3797 7 9
vii 217 2253
In iv 231 564 7 15
v 396 919 7 16
vi 167 176 8 9
IV
V
VI
VII
-5
0
IV
V
VI
VII
lo
g 
io
n
iz
a
tio
n
 
fra
ct
io
n
log (m  / g/cm2 )
-5
0
-5 0
Fig. 2. Ionization fractions of Cu (top panel) and In (bottom) in our
RE 0503−289 model. m is the column mass, measured from the outer
boundary of our model atmospheres.
per lines. These were calculated via a statistical approach by
our Iron Opacity and Interface (IrOnIc, Rauch & Deetjen 2003;
Müller-Ringat 2013). To enable IrOnIc to read our new Cu
and In data, we transferred it into Kurucz-formatted files (cf.
Rauch et al. 2015b). The statistics of our Cu and In model atoms
are listed in Table 1.
Our models consider opacities of He, C, N, O, Al, Si, P, S,
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Kr Sr,
Zr, Mo, Sn, In, Te, I, Xe, and Ba. Details about the models are
given in Rauch et al. (2016b). Cu v-vi and In vi are the dominant
ionization stages in the line-forming region (−4 <∼ log m <∼ 0.5)
of the photosphere of RE 0503−289 (Fig. 2).
The calculation of the Cu and In absorption cross sections is
performed according to Rauch & Deetjen (2003). For the colli-
sional bound-bound transitions we use the van Regemorter for-
mula (van Regemorter 1962) for known f-values and an approxi-
mate formula for unknown f-values. The quadratic Stark effect is
considered for radiative bound-bound transitions by an approxi-
mate formula given by (Cowley 1970, 1971). The Seaton (1962)
formula is employed to calculate collisional and radiative bound-
free cross sections with a hydrogen-like threshold value.
For Cu and In (and all other elements), level dis-
solution (pressure ionization) is considered following
Hummer & Mihalas (1988) and Hubeny et al. (1994).
Available atomic data of Cu iv-vii ions. The main source of
atomic data related to the Cu iv-vii spectra is the paper published
by Sugar & Musgrove (1990) in which the available experimen-
tal energy levels of the copper atom, in all stages of ioniza-
tion, have been compiled together with ionization energies, ei-
ther experimental or theoretical, experimental Landé g-factors,
and leading components of calculated eigenvectors. This com-
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pilation is still being used as the standard reference database for
the copper ions of interest at the National Institute of Standards
and Technology (NIST, Kramida et al. 2019). More precisely,
in Sugar and Musgrove and NIST compilations for Cu iv, ex-
perimental values are reported for 187 levels of the 3d8, 3d74s,
3d75s, 3d74d, and 3d64s2 even-parity configurations and 110 lev-
els of the 3d74p odd-parity configuration. These data are based
on earlier analyses by Schröder & van Kleef (1970), Meinders
(1976), and Meinders & Uijlings (1980) who observed the cop-
per spectrum using a sliding spark light source. In the case of
Cu v, the first work was reported by van Kleef et al. (1975) who
found a few energy levels in 3d7 and 3d64p configurations. This
work was completed by van Kleef et al. (1976) who identified
many 3d7 - 3d64p and 3d64s - 3d64p lines, allowing them to
classify all the levels of the 3d7 configuration, as well as 53 of
the 63 levels of 3d64s and 175 of the 180 levels of 3d64p. The
initial line identification in the Cu vi spectrum was performed
by Poppe et al. (1974) which was considerably extended a few
years later by Raassen & Van Kleef (1981), who used new expo-
sures of a sliding spark discharge to analyze the 3d6 - 3d54p and
3d54s - 3d54p transition arrays. This analysis led to the identi-
fication of all levels in the 3d6 configuration, except the highest
1S0, as well as 208 of the 214 levels in 3d54p and 13 of the 74
levels in 3d54s. Finally, the analysis of the Cu vii spectrum by
van het Hof et al. (1990) appeared too late to be included in the
compilation of Sugar & Musgrove (1990). They determined all
37 levels of the 3d5 ground configuration and 129 of the 180
possible levels of the 3d44p configuration. With regard to the
radiative parameters, very few studies have focused on the de-
termination of electric dipole transition rates in Cu iv-vii ions so
far. To our knowledge, the only available data were recently ob-
tained by Aggarwal et al. (2016) who used the quasi-relativistic
approach (QR) with a very large configuration interaction (CI)
expansion to compute oscillator strengths and transition proba-
bilities in Cu vi.
Oscillator strength calculations for the Cu iv-vii ions. The
method adopted in our work to model the atomic structures
and compute the radiative parameters in the Cu iv-vii ions
was the pseudo-relativistic Hartree-Fock (HFR) approach orig-
inally introduced by Cowan (1981) and modified to take core-
polarization effects into account, giving rise to the so-called
HFR+CPOL method (see, e.g., Quinet et al. 1999, 2002; Quinet
2017).
For Cu iv, configuration interaction was considered among
the configurations 3d8, 3d74s, 3d75s, 3d74d, 3d75d, 3d64s2,
3d64p2, 3d64d2, 3d64s5s, and 3d64s4d for the even parity, and
3d74p, 3d75p, 3d74f, 3d75f, 3d64s4p, 3d64s5p, 3d64s4f, and
3d64p4d for the odd parity. The core-polarization parameters
were the dipole polarizability of a Cu vi ionic core, as reported
by Fraga et al. (1976), i.e., αd = 0.67 a.u., and the cut-off radius,
rc = 0.80 a.u, corresponding to the HFR mean value <r> of the
outermost core orbital (3d). Using the experimental energy lev-
els compiled at NIST (Kramida et al. 2019), some radial inte-
grals (average energy, Slater, spin-orbit, and effective interaction
parameters) of 3d8, 3d74s, 3d75s, 3d74d, 3d64s2, and 3d74p con-
figurations were optimized by a well-established least-squares
fitting procedure in which the mean deviations were found to be
equal to 206 cm−1 for the even parity and 183 cm−1 for the odd
parity. It is worth noting that when performing the fit we found
that the experimental energy level at 306941.8 cm−1 was incor-
rectly classified as J = 1 in the NIST tables, while according to
our calculations this level should be designated as J = 2.
For Cu v, the configurations included in the HFRmodel were
3d7, 3d64s, 3d65s, 3d64d, 3d54s2, 3d54p2, 3d54d2, and 3d54s4d
for the even parity, and 3d64p, 3d65p, 3d64f, 3d54s4p, 3d54s5p,
and 3d54s4f for the odd parity. In this ion the semi-empirical
process was carried out to optimize the radial integrals corre-
sponding to 3d7, 3d64s, and 3d64p configurations using the ex-
perimental levels reported in the NIST database (Kramida et al.
2019). The mean deviations between calculated and experimen-
tal energy levels were 325 cm−1 and 259 cm−1 for even and odd
parities, respectively. Core-polarization effects were estimated
using a dipole polarizability and a cut-off radius corresponding
to a Cu vii ionic core, i.e., αd = 0.47 a.u. (Fraga et al. 1976), and
rc = 0.75 a.u.
In the case of Cu vi, the configuration interaction was con-
sidered among the following configurations: 3d6, 3d54s, 3d55s,
3d54d, 3d55d, 3d44s2, 3d44p2, 3d44d2, 3d44s4d, 3d44s5d (even
parity) and 3d54p, 3d55p, 3d54f, 3d44s4p, 3d44s5p, 3d44s4f
(odd parity). The core-polarization parameters were those corre-
sponding to a Cu viii ionic core, i.e., αd = 0.40 a.u. (Fraga et al.
1976), and rc = 0.72 a.u. The radial parameters of the 3d6, 3d54s,
and 3d54p configurations were optimized to minimize the differ-
ences between the computed Hamiltonian eigenvalues and the
experimental energy levels listed at NIST (Kramida et al. 2019)
giving rise to mean deviations of 442 cm−1 (even parity) and
429 cm−1 (odd parity).
Finally, for Cu vii, ten even- and eight odd-parity configu-
rations were included in the HFR model to compute the radia-
tive parameters, i.e., 3d5, 3d44s, 3d45s, 3d44d, 3d45d, 3d34s2,
3d34p2, 3d34d2, 3d34s5s, 3d34s4d, and 3d44p, 3d45p, 3d44f,
3d45f, 3d34s4p, 3d34s5p, 3d34s4f, and 3d34p4d, respectively.
An ionic core of the type Cu ix was considered to estimate
the core-polarization effects with the parameters αd = 0.34 a.u.
(Fraga et al. 1976) and rc = 0.70 a.u. The semi-empirical opti-
mization process was carried out to adjust the radial parameters
in 3d5 and 3d44p with the experimental energy levels taken from
van het Hof et al. (1990) leading to average energy deviations of
78 cm−1 and 365 cm−1 for even and odd parities, respectively.
The parameters that we had adopted for our computations are
given in Tables A.5 - A.8 and a comparison of calculated and ex-
perimental energies is shown in Tables A.9 - A.12 for Cu iv-vii,
respectively. In Tables A.13 - A.16 (provided via the registered
GAVO Tübingen Oscillator Strengths Service TOSS), we give
the newly computed weighted oscillator strengths (log g f ) and
transition probabilities (gA, in s−1) together with the experimen-
tal values (in cm−1) of the lower and upper energy levels and the
corresponding Ritz wavelengths (in Å). In the final column of
each table we also give the cancellation factor (CF), as defined
by Cowan (1981).
Let us remind that very low values of the CF (typically <
0.05) indicate strong cancellation effects in the calculation of
line strengths. In these cases, the corresponding log g f and
gA values could be very inaccurate and therefore need to be
considered with some care. As mentioned above, no radiative
rates were previously published for the copper ions considered in
our work except Cu vi, for which theoretical oscillator strengths
were recently reported by Aggarwal et al. (2016), who used the
quasi-relativistic approach (QR) with a very large configuration
interaction expansion. When comparing these latter results with
ours, we found an overall good agreement, in particular for the
strongest lines with log g f > −1, for which the mean deviation
between the two sets of data was found to be about 20%, with
a general tendency such that our log g f values appear systemat-
ically slightly higher than those of Aggarwal et al. (2016).
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4. Results and conclusions
We calculated oscillator strengths of Cu iv - vii and com-
piled oscillator strengths of In iv (Varshney & Tauheed 2013;
Ryabtsev & Kononov 2016), In v (Varshney & Tauheed
2016a,b; Ryabtsev 2018), and In vi (Kononov et al. 2017;
Ryabtsev et al. 2018) from the literature. These elements were
included in our model-atmosphere calculations.
To unambiguously identify lines of one individual species,
we calculated two spectra for each star (RE 0503−289 and
G191−B2B), one with all opacities of that element included and
one with its line opacities switched off artificially (cf. Figs. 3, 4,
and 5). This enables us to identify Cu and In lines, even if they
are blended with other lines (cf. TablesA.1, A.2, and A.3) or if
they reduce the flux without exhibiting a complete line profile.
RE 0503−289. We identified 54 Cu lines (1 Cu iv, 51 Cu v,
and 2 Cu vi; Fig. 3, TableA.1) and 5 In v lines (Fig. 4, Ta-
bleA.2). From a detailed line-profile comparison of our model
(Teff =70 000K and log g=7.5) with the UV observations, we
found the best simultaneous agreement for all identified Cu and
In lines at abundances of 9.3+3.0
−2.0×10
−5 (mass fraction, 132 times
solar) and 3.0+0.5
−0.5 × 10
−6 (56 600 times solar), respectively. The
Teff and log g error propagation is evaluated from two models
at the error limits with highest and lowest degree of ioniza-
tion, i.e., Teff =72 000K and log g=7.4) and Teff =68 000K and
log g=7.6), respectively. We found that this abundance error is
smaller than 0.1 dex. Finally, we adopted the above Cu and In
mass fractions with uncertainties of 0.2 dex.
G191−B2B. The four strongest Cu v lines and/or blends in the
synthetic spectrum are identified in the observation (Fig. 5, Ta-
bleA.3). They are well reproduced by a model (Teff =60 000K,
log g=7.6) with a Cu mass fraction of 6.3+3.0
−2.0 × 10
−6 (nine times
solar). The error estimation is performed analogously to that of
RE 0503−289 (see above) and we found the same uncertainty of
0.2 dex.
No In line can be identified in the UV observation of
G191−B2B. We used two of the strongest lines, namely
In V λλ 1334.123, 1339.599Å, to determine an upper abundance
limit of 5.3 × 10−7 (mass fraction, 1000 times solar; Fig. 6).
To summarize, the determined Cu and In abundances closely
match the already known TIE abundance patterns in G191−B2B
and RE 0503−289 (Fig.7), which is the result of effective ra-
diative levitation (Rauch et al. 2016a). The TIE enrichment is
much stronger in RE 0503−289 compared to that in G191−B2B
due to the lower Teff of the latter (Fig. 1, Teff =60 000 ± 2000K
and log g = 7.6 ± 0.05, Rauch et al. 2013). The relative TIE
abundances in RE 0503−289, however, obviously resemble the
relative solar abundance ratios (Fig.7, cf. 29 ≤ Z ≤ 36 and
49 ≤ Z ≤ 54), i.e., higher abundances for species with even Z
compared to those with odd Z (Oddo-Harkins rule, Oddo 1914;
Harkins 1917).
Surface abundance patterns that are the result of diffusion
(cf. Fig. 7) and exhibit strong TIE enrichment are also found
recently in He-sdOs, e.g., LS IV−14◦116 (Naslim et al. 2011),
in Feige 46 (Latour et al. 2019), in HD127493 and HZ44,
(Dorsch et al. 2019), and in the DAO-type star BD−22◦3467
(Löbling et al. 2019). However, Hoyer et al. (2017) and
Rauch et al. (2019) have already mentioned that strong radiative
levitation of trans-iron TIEs wipes out all information about their
AGB abundances, and thus previous stellar evolution. This is
general for all species in all stars with a diffusion impact on their
surface abundances.
Among the WDs, RE 0503−289 exhibits lines from an
unrivaled number of TIEs: 18 species (http://astro.
uni-tuebingen.de/~TVIS/objects/RE0503-289). Many
more lines in the UV spectral region remain unidentified. Calcu-
lations of transition probabilities of other TIEs are necessary to
make further progress.
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Fig. 3. Prominent Cu lines in the observation (gray line) of RE 0503−289, labeled with their wavelengths from TablesA.13, A.14, and A.15.
Cu vi λλ 1060.890, 1100.307 Å, and Cu iv λ 1410.531 Å are indicated with an additional ion label, all other lines stem from Cu v. For the iden-
tification of other lines that are visible in the spectrum, please visit http://astro.uni-tuebingen.de/~TVIS/objects/RE0503-289, our
Tübingen VISualization Tool (TVIS). The thick red spectrum is calculated from our best model with a Cu mass fraction of 9.3× 10−5. The dashed
green line shows a synthetic spectrum calculated without Cu. The vertical bar indicates 10% of the continuum flux.
RE 0503-289
Teff = 70 000 K
log g = 7.50
In V
re
la
tiv
e
 
flu
x
∆λ / Ao
10 %
1 Ao
11
37
.
78
7
11
51
.
72
3
11
77
.
44
7
11
83
.
04
9
12
41
.
02
5
12
41
.
29
9
12
52
.
83
6
13
34
.
12
3
13
39
.
59
9
Fig. 4. Same as Fig. 3, but for In. Lines are labeled with their wavelengths from Table A.2. The synthetic spectrum is calculated with an In mass
fraction of 3.0 × 10−6.
Article number, page 5 of 32
G 191-B2B
Teff = 60 000 K
log g = 7.60
Cu V
re
la
tiv
e
 
flu
x
∆λ / Ao
10 %
1 Ao
11
59
.
76
3
11
73
.
15
1
11
73
.
27
1
11
75
.
37
0
12
01
.
22
1
12
78
.
16
8
12
78
.
18
2
Fig. 5. Same as Fig. 3, but for G191−B2B.
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Appendix A: Additional tables
Table A.1. Identified Cu iv-vi lines in the UV spectrum of RE 0503−289.
. . Lower level Upper level
Ion Wavelength log gi fik Energy Parity J Energy Parity J Comment
Å cm−1 cm−1
Cu vi 1060.890 0.38 250877 e 3.0 345137 o 4.0
Cu v 1100.307 −0.52 187779 e 4.5 278663 o 3.5
Cu vi 1115.821 0.24 265639 e 2.0 355259 o 3.0
Cu v 1117.453 −0.50 190100 e 1.5 279590 o 1.5 blend with Zn v λ 1117.466Å
1117.794 −0.28 188833 e 3.5 278295 o 2.5
1121.212 −0.39 190400 e 0.5 279590 o 1.5 too strong in model
1121.660 −0.06 228048 e 4.5 317201 o 4.5 blend with Cu v λ 1121.670Å
1121.670 −0.22 265752 e 4.5 354905 o 3.5 blend with Cu v λ 1121.660Å
1127.298 −0.36 189587 e 2.5 278295 o 2.5 blend with strong unidentified line
1131.876 0.21 227801 e 5.5 316149 o 5.5
1132.528 −0.25 221272 e 3.5 309570 o 2.5
1142.396 −0.41 188833 e 3.5 276368 o 3.5
1153.521 0.22 278380 e 3.5 365071 o 3.5 blend of two Cu v λ 1153.521Å lines
1153.521 0.14 272801 e 2.5 359492 o 2.5 blend of two Cu v λ 1153.521Å lines
1153.595 −0.30 236059 e 2.5 322744 o 3.5
1155.474 0.32 236331 e 3.5 322876 o 4.5
1157.231 −0.18 236331 e 3.5 322744 o 3.5 blend with Sr v λ 1157.230Å, weak
1157.338 0.03 236059 e 2.5 322464 o 3.5
1157.543 0.55 238234 e 6.5 324624 o 6.5 blend with Sr v λ 1157.580Å
1157.902 0.48 238305 e 5.5 324668 o 5.5
1158.949 −0.74 187779 e 4.5 274065 o 4.5 blend with
Ni vi λλ 1158.998, 1159.000Å and
Ni v λλ 1159.023, 1159.035Å,
uncertain
1159.763 0.52 187779 e 4.5 274004 o 5.5
1167.357 0.25 222401 e 4.5 308065 o 5.5
1167.507 0.32 234036 e 4.5 319689 o 4.5
1173.135 −0.11 221664 e 1.5 306906 o 2.5 blend with Cu v λ 1173.151Å
1173.151 −0.22 188833 e 3.5 274073 o 3.5 blend with Cu v λ 1173.135Å
1173.271 0.39 188833 e 3.5 274065 o 4.5
1177.318 0.08 222886 e 3.5 307825 o 4.5 blend with strong unidentified line
1177.881 −0.19 200648 e 2.5 285546 o 1.5 blend with strong unidentified line
1182.552 0.14 227543 e 4.5 312106 o 5.5 blend with O iii λ 1182.471Å
1182.602 −0.18 189587 e 2.5 274146 o 2.5 blend with O iii λ 1182.471Å
1183.624 0.15 189587 e 2.5 274073 o 3.5 blend with strong unidentified line
1187.979 −0.45 236040 e 1.5 320216 o 0.5 blend with strong unidentified line,
N iv λ 1188.005Å, Cu v λ 1188.039Å
1188.039 0.27 226311 e 5.5 310483 o 5.5 blend with strong unidentified line,
Cu v λ 1187.979Å, N iv λ 1188.005Å
1189.226 0.21 227801 e 5.5 311889 o 6.5 blend with Cu v λ 1189.228Å
1189.228 −0.23 190100 e 1.5 274189 o 1.5 blend with Cu v λ 1189.226Å
1190.933 −0.01 228105 e 2.5 312073 o 3.5 blend with Cu v λ 1190.967Å
1190.967 0.25 239541 e 4.5 323506 o 5.5 blend with Cu v λ 1190.933Å
1194.882 0.24 227543 e 4.5 311233 o 4.5 blend with strong unidentified line
1201.221 0.64 220208 e 6.5 303456 o 7.5
1231.922 0.63 238234 e 6.5 319408 o 7.5 blend with Sr iv λ 1231.878Å
1232.615 0.27 220208 e 6.5 301336 o 6.5 blend with Fe vi λ 1232.477Å
1237.501 −0.20 222401 e 4.5 303209 o 3.5
1238.056 −0.13 201850 e 0.5 282622 o 1.5
1238.194 −0.07 220623 e 5.5 301386 o 4.5
1239.332 0.02 230532 e 2.5 311220 o 3.5
1239.717 0.22 220623 e 5.5 301286 o 5.5
1239.947 −0.09 220938 e 4.5 301587 o 3.5
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Table A.1. continued.
. . Lower level Upper level
Ion Wavelength log gi fik Energy Parity J Energy Parity J Comment
Å cm−1 cm−1
1241.779 0.08 201413 e 1.5 281942 o 2.5 blend with strong unidentified lines
1244.581 0.05 220938 e 4.5 301286 o 5.5
1245.633 0.26 200648 e 2.5 280929 o 3.5
1246.985 0.32 220208 e 5.5 300401 o 6.5
1250.258 −0.15 221272 e 3.5 301255 o 3.5 blend with Cu v λ 1250.316Å
1250.316 0.39 199441 e 3.5 279421 o 4.5 blend with Cu v λ 1250.258Å
1253.065 0.18 239615 e 3.5 319419 o 4.5 blend with Cu v λ 1253.067Å
1253.067 −0.26 228105 e 2.5 307910 o 2.5 blend with Cu v λ 1253.065Å
1256.725 0.13 226311 e 5.5 305883 o 6.5 blend with strong unidentified line
1256.831 −0.53 221272 e 3.5 300837 o 4.5 weak
1262.279 0.19 199441 e 3.5 278663 o 3.5 blend with Zn v λ 1262.252Å
1268.253 −0.15 200648 e 2.5 279497 o 2.5 blend with Cu v λ 1268.316Å
1268.316 −0.15 200648 e 2.5 279497 o 2.5 blend with Cu v λ 1268.253Å
1269.348 −0.10 187779 e 4.5 266560 o 3.5 blend with N iii λ 1269.412Å
1274.741 0.39 187779 e 4.5 266227 o 4.5
1274.928 −0.50 222401 e 4.5 300837 o 4.5 weak
1278.182 −0.04 188833 e 3.5 267069 o 2.5
1280.702 0.24 227801 e 5.5 305883 o 6.5
1283.667 −0.12 189587 e 2.5 267489 o 1.5
1286.549 −0.01 188833 e 3.5 266560 o 3.5 blend with Sr v λ 1286.544Å
1287.661 −0.77 239541 e 4.5 317201 o 4.5 blend with Ga iv λ 1287.548Å,
Zn v λ 1287.644Å
1287.686 −0.36 190100 e 1.5 267759 o 0.5
Cu iv 1410.531 0.47 119632 e 5.0 190528 o 5.0 weak
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Table A.2. Same as TableA.1, but for In v.
. . Lower level Upper level
Ion Wavelength / Å log gi fik Energy / cm−1 Parity J Energy / cm−1 Parity J Comment
In v 1137.787 −0.09 163980 e 3.5 251868 o 4.5
1151.723 0.33 160428 e 4.5 247254 o 4.5 blend with Zn v λ 1151.787Å
1177.447 −0.01 167761 e 2.5 252691 o 2.5 weak
1183.049 0.11 163980 e 3.5 248507 o 3.5 blend with
Zn v λλ 1183.041, 1183.100Å
Ga v λ 1183.110Å
1241.025 0.39 171290 e 3.5 251868 o 4.5 blend with
Ni v λλ 1241.015, 1241.047Å
1241.299 0.59 188396 e 4.5 268957 o 5.5 blend with
O iii λλ 1241.125, 1241.176Å
1252.836 0.03 163980 e 3.5 243798 o 3.5 blend with Ni v λ 1252.765Å
1334.123 0.37 160428 e 4.5 235384 o 3.5 blend with interstellar C ii, weak
1339.599 0.17 163980 e 3.5 238629 o 4.5
Notes. The wavelengths, weighted oscillator strengths, and energies correspond to those in Varshney & Tauheed (2016a,b) and Ryabtsev (2018).
Table A.3. Same as TableA.1, but for G191−B2B.
. . Lower level Upper level
Ion Wavelength / Å log gi fik Energy / cm−1 Parity J Energy / cm−1 Parity J Comment
Cu v 1159.763 0.52 187779 e 4.5 274004 o 5.5
1173.151 −0.22 188833 e 3.5 274073 o 3.5 weak
1173.271 0.39 188833 e 3.5 274065 o 4.5 blend with unidentified line
1175.370 0.09 199441 e 3.5 284521 o 2.5
1201.221 0.64 220208 e 6.5 303456 o 7.5
1278.168 −0.49 229588 e 3.5 307825 o 4.5 blend with Cu v λ 1278.182Å
1278.182 −0.04 188833 e 3.5 267069 o 2.5 blend with Cu v λ 1278.168Å
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Table A.4. Ions with recently calculated oscillator strengths.
Cu iv - vii Rauch et al. this paper
Zn iv - v Rauch et al. (2014a)
Ga iv - vi Rauch et al. (2015b)
Ge v - vi Rauch et al. (2012)
Se v Rauch et al. (2017b)
Kr iv - vii Rauch et al. (2016b)
Sr iv - vii Rauch et al. (2017b)
Zr iv - vii Rauch et al. (2017a)
Mo iv - vii Rauch et al. (2016a)
Te vi Rauch et al. (2017b)
I vi Rauch et al. (2017b)
Xe iv - v, vii Rauch et al. (2015a, 2017a)
Ba v - vii Rauch et al. (2014b)
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Table A.5. Radial parameters (in cm−1) adopted for the calculations in Cu iv.
Configuration Parameter HFR Fitted Ratio Notea
Even parity
3d8 Eav 17190 16729
F2(3d,3d) 112092 98330 0.877
F4(3d,3d) 69989 60209 0.860
α 0 91
β 0 -237
ζ3d 903 910 1.007
3d74s Eav 147324 152124
F2(3d,3d) 118491 103197 0.871
F4(3d,3d) 74277 65197 0.878
α 0 99
β 0 -350
ζ3d 978 979 1.001
G2(3d,4s) 12035 10802 0.898
3d75s Eav 325664 330393
F2(3d,3d) 119486 102897 0.861
F4(3d,3d) 74953 65472 0.874
α 0 100 F
β 0 -350 F
ζ3d 986 986 1.000 F
G2(3d,4s) 2897 2608 0.900 F
3d74d Eav 312783 320069
F2(3d,3d) 119438 103540 0.867
F4(3d,3d) 74922 64201 0.857
α 0 73
β 0 361
ζ3d 985 1021 1.037
ζ4d 68 68 1.000 F
F2(3d,4d) 13224 12461 0.942
F4(3d,4d) 5529 5503 0.995
G0(3d,4d) 5169 3754 0.726 R
G2(3d,4d) 5040 3660 0.726 R
G4(3d,4d) 3651 2651 0.726 R
3d64s2 Eav 334825 345297
F2(3d,3d) 124695 112225 0.900 F
F4(3d,3d) 78447 70603 0.900 F
α 0 0 F
β 0 0 F
ζ3d 1056 1056 1.000 F
Odd parity
3d74p Eav 218061 224378
F2(3d,3d) 118845 103882 0.874
F4(3d,3d) 74519 64989 0.872
α 0 101
β 0 -313
ζ3d 980 1005 1.026
ζ4p 1185 1383 1.168
F2(3d,4p) 23861 22879 0.959
G1(3d,4p) 8425 7395 0.878
G3(3d,4p) 7571 7132 0.942
a F: parameter fixed to its ab initio value; R: ratios of these parameters have been fixed in the fitting process
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Table A.6. continued.
Configuration Parameter HFR Fitted Ratio Notea
Table A.6. Radial parameters (in cm−1) adopted for the calculations in Cu v.
Configuration Parameter HFR Fitted Ratio Notea
Even parity
3d7 Eav 30899 30322
F2(3d,3d) 119816 105551 0.881
F4(3d,3d) 75176 65503 0.871
α 0 109
β 0 -587
ζ3d 989 1002 1.013
3d64s Eav 234957 237924
F2(3d,3d) 125814 110315 0.877
F4(3d,3d) 79209 67072 0.847
α 0 117
β 0 -154
ζ3d 1066 1154 1.082
G2(3d,4s) 12797 11794 0.922
Odd parity
3d64p Eav 316597 319750
F2(3d,3d) 126094 109170 0.866
F4(3d,3d) 79402 66055 0.832
α 0 114
β 0 213
ζ3d 1069 1180 1.104
ζ4p 1596 1816 1.137
F2(3d,4p) 28011 26960 0.962
G1(3d,4p) 9612 9190 0.956
G3(3d,4p) 8916 7838 0.879
Table A.7. Radial parameters (in cm−1) adopted for the calculations in Cu vi.
Configuration Parameter HFR Fitted Ratio Notea
Even parity
3d6 Eav 47058 46817
F2(3d,3d) 127114 112843 0.888
F4(3d,3d) 80096 69557 0.868
α 0 103
β 0 -264
ζ3d 1080 1142 1.057
3d54s Eav 332771 334360
F2(3d,3d) 132805 116707 0.879
F4(3d,3d) 83932 74133 0.883
α 0 100 F
β 0 -250 F
ζ3d 1161 1161 1.000 F
G2(3d,4s) 13493 12647 0.937
Odd parity
3d54p Eav 424263 425870
F2(3d,3d) 133032 116189 0.873
F4(3d,3d) 84088 72010 0.856
α 0 127
β 0 -286
ζ3d 1163 1247 1.073
ζ4p 2028 2320 1.144
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Table A.7. continued.
Configuration Parameter HFR Fitted Ratio Notea
F2(3d,4p) 31832 30768 0.967
G1(3d,4p) 10697 10190 0.953
G3(3d,4p) 10151 9203 0.907
a F: parameter fixed to its ab initio value
Table A.8. Radial parameters (in cm−1) adopted for the calculations in Cu vii.
Configuration Parameter HFR Fitted Ratio Notea
Even parity
3d5 Eav 78756 78522
F2(3d,3d) 134086 119456 0.891
F4(3d,3d) 84807 74397 0.877
α 0 118
β 0 -512
ζ3d 1176 1202 1.022
Odd parity
3d44p Eav 553653 554223
F2(3d,3d) 139722 123787 0.886
F4(3d,3d) 88617 78219 0.883
α 0 123
β 0 -380
ζ3d 1263 1121 0.888
ζ4p 2481 2647 1.067
F2(3d,4p) 35417 34983 0.988
G1(3d,4p) 11725 11199 0.955
G3(3d,4p) 11316 11458 1.013
Table A.9. Comparison between available experimental and calculated energy
levels in Cu iv. Energies are given in cm−1.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
Even parity
0.0 8 −8 4 99 3d8 3F
1861.4 1857 4 3 99 3d8 3F
3077.6 3074 4 2 98 3d8 3F
16248.0 16238 10 2 82 3d8 1D + 17 3d8 3P
19696.6 19750 −53 2 82 3d8 3P + 17 3d8 1D
20096.6 20072 25 1 99 3d8 3P
20422.6 20405 18 0 99 3d8 3P
26913.0 26912 1 4 99 3d8 1G
61456.4 61456 0 0 98 3d8 1S
119632.4 119747 −115 5 99 3d7(4F)4s 5F
120918.7 120980 −61 4 99 3d7(4F)4s 5F
121929.8 121955 −25 3 99 3d7(4F)4s 5F
122663.8 122666 −2 2 99 3d7(4F)4s 5F
123139.8 123128 12 1 99 3d7(4F)4s 5F
128343.3 128356 −13 4 98 3d7(4F)4s 3F
130060.3 130024 36 3 99 3d7(4F)4s 3F
131218.6 131157 62 2 99 3d7(4F)4s 3F
139695.3 139522 173 3 99 3d7(4P)4s 5P
140065.7 139952 114 2 96 3d7(4P)4s 5P
140715.0 140603 112 1 97 3d7(4P)4s 5P
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
144065.9 143959 107 5 97 3d7(2G)4s 3G
144749.0 144616 133 4 94 3d7(2G)4s 3G
145579.9 145422 158 3 99 3d7(2G)4s 3G
147736.6 147668 69 2 77 3d7(4P)4s 3P + 18 3d7(2P)4s 3P
147929.8 148006 −76 1 71 3d7(4P)4s 3P + 15 3d7(2P)4s 3P + 11 3d7(2P)4s 1P
148233.8 148438 −204 0 67 3d7(4P)4s 3P + 33 3d7(2P)4s 3P
148860.7 148746 115 4 90 3d7(2G)4s 1G + 5 3d7(2H)4s 3H
148903.6 149198 −294 2 65 3d7(2P)4s 3P + 22 3d7(4P)4s 3P + 7 3d7(2D)4s 3D
149667.2 149962 −295 1 67 3d7(2P)4s 3P + 21 3d7(4P)4s 3P + 8 3d7(2D)4s 3D
151622.7 151769 −146 6 100 3d7(2H)4s 3H
152231.7 152012 220 3 77 3d7(2D)4s 3D + 22 3d7(2D)4s 3D
152301.7 152407 −105 5 95 3d7(2H)4s 3H
152400.2 152648 −248 1 38 3d7(2D)4s 3D + 35 3d7(2P)4s 1P + 14 3d7(2P)4s 3P
153198.2 153260 −62 4 92 3d7(2H)4s 3H + 6 3d7(2G)4s 1G
153375.7 153186 190 2 65 3d7(2D)4s 3D + 17 3d7(2D)4s 3D + 8 3d7(2P)4s 3P
155476.7 155645 −168 1 54 3d7(2P)4s 1P + 33 3d7(2D)4s 3D + 7 3d7(2D)4s 3D
156458.7 156584 −125 5 96 3d7(2H)4s 1H
157536.1 157257 279 2 71 3d7(2D)4s 1D + 18 3d7(2D)4s 1D + 5 3d7(2D)4s 3D
170066.5 169989 78 2 99 3d7(2F)4s 3F
170277.7 170245 33 3 98 3d7(2F)4s 3F
170619.0 170661 −42 4 99 3d7(2F)4s 3F
174831.3 174625 206 3 98 3d7(2F)4s 1F
196853.5 196964 −111 1 80 3d7(2D)4s 3D + 19 3d7(2D)4s 3D
197138.5 197228 −90 2 78 3d7(2D)4s 3D + 20 3d7(2D)4s 3D
197659.5 197695 −36 3 77 3d7(2D)4s 3D + 22 3d7(2D)4s 3D
201771.0 201650 121 2 77 3d7(2D)4s 1D + 21 3d7(2D)4s 1D
287319.5 287391 −72 5 90 3d7(4F)4d 5F + 8 3d7(4F)4d 5G
287589.3 287966 −377 4 78 3d7(4F)4d 5F + 11 3d7(4F)4d 5D + 7 3d7(4F)4d 5G
288566.4 288677 −111 3 70 3d7(4F)4d 5F + 14 3d7(4F)4d 5D + 6 3d7(4F)4d 5P
288697.8 288687 11 6 94 3d7(4F)4d 5G + 6 3d7(4F)4d 5H
289370.2 289474 −104 2 82 3d7(4F)4d 5F + 9 3d7(4F)4d 5D
289529.7 289613 −83 3 74 3d7(4F)4d 5P + 12 3d7(4F)4d 5F + 9 3d7(4F)4d 5D
289572.9 289542 31 5 66 3d7(4F)4d 5G + 20 3d7(4F)4d 3G + 7 3d7(4F)4d 5H
289641.5 289963 −322 4 58 3d7(4F)4d 5D + 18 3d64s2 5D + 16 3d7(4F)4d 5G
289688.2 289700 −12 7 99 3d7(4F)4d 5H
289974.0 290076 −102 1 93 3d7(4F)4d 5F
290445.4 290416 29 6 60 3d7(4F)4d 5H + 36 3d7(4F)4d 3H
290552.8 290575 −22 4 60 3d7(4F)4d 5G + 13 3d7(4F)4d 5F + 10 3d7(4F)4d 3G
290773.5 290933 −160 2 54 3d7(4F)4d 5P + 29 3d7(4F)4d 5D + 7 3d7(4F)4d 5F
290885.1 291074 −189 3 48 3d7(4F)4d 5G + 24 3d7(4F)4d 5D + 9 3d7(4F)4d 5P
291147.3 291004 143 5 70 3d7(4F)4d 3G + 20 3d7(4F)4d 5G + 6 3d7(4F)4d 3H
291298.7 291394 −95 3 37 3d7(4F)4d 5G + 21 3d7(4F)4d 5D + 8 3d64s2 5D
291561.6 291570 −8 5 79 3d7(4F)4d 5H + 12 3d7(4F)4d 3H + 5 3d7(4F)4d 3G
291570.8 291841 −270 1 55 3d7(4F)4d 5D + 27 3d7(4F)4d 5P + 13 3d64s2 5D
291730.0 291745 −15 2 92 3d7(4F)4d 5G
291865.0 291764 101 6 63 3d7(4F)4d 3H + 34 3d7(4F)4d 5H
291953.9 292147 −193 3 75 3d7(4F)4d 3D + 9 3d7(4F)4d 5D + 6 3d64s2 5D
291997.1 292224 −227 2 39 3d7(4F)4d 5P + 36 3d7(4F)4d 5D + 14 3d64s2 5D
292296.7 292187 110 4 65 3d7(4F)4d 3G + 16 3d7(4F)4d 5G + 8 3d7(4F)4d 5H
292440.0 292414 26 4 79 3d7(4F)4d 5H + 16 3d7(4F)4d 3G
292639.1 292782 −143 1 71 3d7(4F)4d 5P + 19 3d7(4F)4d 5D + 8 3d64s2 5D
292913.3 292946 −33 3 89 3d7(4F)4d 5H + 6 3d7(4F)4d 5G
293021.7 293176 −154 2 84 3d7(4F)4d 3D + 6 3d7(4F)4d 3P
293399.2 293267 132 5 80 3d7(4F)4d 3H + 14 3d7(4F)4d 5H
293513.5 293352 162 3 88 3d7(4F)4d 3G + 6 3d7(4F)4d 5H
294015.3 294184 −169 1 95 3d7(4F)4d 3D
Article number, page 14 of 32
T. Rauch et al.: Stellar laboratories: New Cu iv – vii oscillator strengths
Table A.9. continued.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
294152.0 294269 −117 4 72 3d64s2 5D + 21 3d7(4F)4d 5D
294464.4 294316 148 4 89 3d7(4F)4d 3H + 5 3d7(4F)4d 5H
295307.8 295383 −75 3 72 3d64s2 5D + 22 3d7(4F)4d 5D
295910.4 295840 70 4 80 3d7(4F)4d 3F + 7 3d7(2G)4d 3F
296040.3 296106 −66 2 71 3d64s2 5D + 21 3d7(4F)4d 5D
296494.2 296559 −65 1 73 3d64s2 5D + 20 3d7(4F)4d 5D
296573.4 296474 99 2 81 3d7(4F)4d 3P + 5 3d7(4F)4d 3D + 5 3d7(4P)4d 3P
296912.3 296847 65 3 78 3d7(4F)4d 3F + 7 3d7(2G)4d 3F
297554.4 297481 73 2 78 3d7(4F)4d 3F + 8 3d7(2G)4d 3F
297931.0 297840 91 1 88 3d7(4F)4d 3P + 6 3d7(4P)4d 3P
301632.0 301720 −88 5 99 3d7(4F)5s 5F
302682.3 302741 −59 4 82 3d7(4F)5s 5F + 17 3d7(4F)5s 3F
303798.4 303819 −21 3 91 3d7(4F)5s 5F + 7 3d7(4F)5s 3F
304244.9 304274 −29 4 82 3d7(4F)5s 3F + 17 3d7(4F)5s 5F
304599.7 304601 −1 2 96 3d7(4F)5s 5F
305116.0 305106 10 1 98 3d7(4F)5s 5F
305856.0 305842 14 3 91 3d7(4F)5s 3F + 7 3d7(4F)5s 5F
306941.8 306904 38 2 96 3d7(4F)5s 3F
306982.5 306884 99 1 98 3d7(4P)4d 5P
307167.0 307089 78 2 97 3d7(4P)4d 5P
307517.3 307459 58 3 95 3d7(4P)4d 5P
309413.9 309295 119 5 97 3d7(4P)4d 5F
309490.4 309427 63 4 91 3d7(4P)4d 5F
309653.1 309630 23 3 88 3d7(4P)4d 5F
309864.7 309874 −9 2 88 3d7(4P)4d 5F
310057.1 310095 −38 1 89 3d7(4P)4d 5F + 5 3d7(2P)4d 3D
310800.2 310865 −65 3 80 3d7(2G)4d 3D + 5 3d7(4P)4d 3F
311010.7 311031 −20 3 51 3d7(4P)4d 3F + 23 3d7(2G)4d 1F + 5 3d7(2P)4d 1F
311177.0 311018 159 4 81 3d7(4P)4d 3F + 9 3d7(2G)4d 3F
311274.0 311367 −93 2 44 3d7(2G)4d 3D + 30 3d7(4P)4d 3F + 5 3d7(2P)4d 3D
311628.0 311504 124 7 95 3d7(2G)4d 3I
311726.7 311911 −184 1 37 3d7(4P)4d 3P + 24 3d7(2G)4d 3D + 11 3d7(2P)4d 3P
311742.9 311630 113 6 67 3d7(2G)4d 3I + 24 3d7(2G)4d 1I
311998.3 312124 −126 5 61 3d7(2G)4d 3G + 20 3d7(2G)4d 3H + 11 3d7(2G)4d 3I
312061.4 312033 28 2 51 3d7(4P)4d 3F + 30 3d7(2G)4d 3D + 5 3d7(4P)4d 3P
312082.5 312061 22 3 56 3d7(2G)4d 1F + 22 3d7(4P)4d 3F + 9 3d7(2G)4d 3D
312415.5 312373 43 5 37 3d7(2G)4d 3I + 31 3d7(2G)4d 3G + 16 3d7(2G)4d 1H
312466.7 312609 −142 4 65 3d7(2G)4d 3G + 18 3d7(4P)4d 5D + 6 3d7(2G)4d 3H
312514.9 312454 61 6 75 3d7(2G)4d 3H + 20 3d7(2G)4d 1I
312601.5 312713 −112 2 34 3d7(4P)4d 5D + 33 3d7(4P)4d 3P + 9 3d7(2G)4d 3D
312629.9 312676 −46 4 74 3d7(4P)4d 5D + 15 3d7(2G)4d 3G
312956.8 312990 −33 3 86 3d7(4P)4d 5D
313253.3 313249 4 5 50 3d7(2G)4d 3I + 29 3d7(2G)4d 3H + 19 3d7(2G)4d 1H
313257.0 313454 −197 3 93 3d7(2G)4d 3G
313294.7 313245 50 2 56 3d7(4P)4d 5D + 20 3d7(4P)4d 3P + 7 3d7(4P)4d 3D
313715.4 313602 113 6 53 3d7(2G)4d 1I + 28 3d7(2G)4d 3I + 18 3d7(2G)4d 3H
313871.5 313936 −65 4 89 3d7(2G)4d 3H + 9 3d7(2G)4d 3G
314262.2 314282 −20 5 59 3d7(2G)4d 1H + 36 3d7(2G)4d 3H
314987.8 315132 −144 4 50 3d7(2G)4d 3F + 14 3d7(2G)4d 1G + 8 3d7(2P)4d 3F
315450.0 314164 1286 3 84 3d7(4P)4d 3D
315598.5 315602 −4 4 58 3d7(2G)4d 1G + 12 3d7(2H)4d 1G + 11 3d7(2G)4d 3F
315846.0 315136 710 2 47 3d7(2G)4d 1D + 11 3d7(2P)4d 1D + 8 3d7(2G)4d 3F
315912.2 315663 249 3 59 3d7(2G)4d 3F + 9 3d7(2P)4d 3F + 7 3d7(2H)4d 3F
316191.7 316424 −232 2 59 3d7(2G)4d 3F + 10 3d7(2H)4d 3F + 9 3d7(2P)4d 3F
316732.3 317512 −780 4 43 3d7(2P)4d 3F + 25 3d7(2H)4d 3F + 10 3d7(2D)4d 3F
317017.0 316886 131 3 68 3d7(2P)4d 3D + 7 3d7(2D)4d 3F + 5 3d7(2D)4d 3D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
317810.5 317611 200 3 26 3d7(2P)4d 1F + 22 3d7(2H)4d 3F + 10 3d7(2P)4d 3F
318452.4 318293 159 8 100 3d7(2H)4d 3K
318510.0 318355 155 7 60 3d7(2H)4d 3K + 39 3d74d (2H) 1K
318746.1 318838 −92 5 94 3d7(2H)4d 3G
319268.4 318617 651 3 37 3d7(2H)4d 1F + 28 3d74d (2P) 3F + 7 3d7(2H)4d 3G
319586.7 319643 −56 4 43 3d7(2H)4d 3G + 19 3d74d (2D) 3F + 10 3d7(2H)4d 3F
319703.7 319596 108 6 95 3d7(2H)4d 3K
319896.1 320030 −134 4 41 3d7(2H)4d 3G + 20 3d74d (2D) 3F + 11 3d7(2P)4d 3F
319992.7 319604 389 3 28 3d7(2D)4d 3D + 26 3d74d (2H) 1F + 14 3d7(2P)4d 1F
320141.7 319962 180 7 59 3d7(2H)4d 1K + 37 3d74d (2H) 3K
320601.1 320611 −10 6 58 3d7(2H)4d 3H + 39 3d64s2 3H
320781.7 320746 36 5 73 3d7(2D)4d 3G + 21 3d74d (2D) 3G
320952.7 320917 36 4 38 3d7(2D)4d 1G + 30 3d74d (2D) 3G + 11 3d7(2D)4d 1G
321064.0 321082 −18 5 50 3d7(2H)4d 3H + 29 3d64s2 3H + 15 3d7(2H)4d 1H
321135.1 321194 −59 7 99 3d7(2H)4d 3I
321542.1 321586 −44 6 82 3d7(2H)4d 3I + 14 3d74d (2H) 1I
322051.3 322028 23 3 35 3d7(2D)4d 1F + 16 3d74d (2D) 3F + 10 3d7(2D)4d 1F
322317.4 322358 −41 5 47 3d7(2H)4d 3I + 33 3d74d (2H) 1H + 14 3d64s2 3H
322338.2 322156 182 3 95 3d7(4P)5s 5P
322524.0 322670 −146 5 46 3d7(2H)4d 3I + 45 3d74d (2H) 1H
322608.1 322491 117 2 93 3d7(4P)5s 5P + 6 3d75s (2P) 3P
323155.3 323377 −222 4 27 3d7(2D)4d 3G + 24 3d74d (2D) 1G + 16 3d7(2P)4d 3F
323249.0 323131 118 1 79 3d7(4P)5s 5P + 5 3d74d (2D) 3D
323754.8 323586 169 6 44 3d7(2H)4d 1I + 32 3d64s2 3H + 18 3d7(2H)4d 3H
324118.1 323759 359 6 38 3d7(2H)4d 1I + 22 3d64s2 3H + 22 3d7(2H)4d 3H
324418.7 324414 5 2 75 3d7(4P)5s 3P + 9 3d64s2 3P + 6 3d64s2 3P
324619.3 324222 397 5 44 3d64s2 3H + 41 3d74d (2H) 3H
324731.4 324455 276 4 45 3d64s2 3H + 42 3d74d (2H) 3H
324759.9 324572 188 5 95 3d7(2G)5s 3G
325225.9 325037 189 4 75 3d7(2G)5s 3G + 17 3d75s (2G) 1G
326247.5 326050 198 3 99 3d7(2G)5s 3G
326979.8 326764 216 4 69 3d7(2G)5s 1G + 21 3d75s (2G) 3G
327356.7 327318 39 4 42 3d7(2H)4d 3F + 13 3d74d (2D) 3F + 9 3d7(2G)4d 3F
328720.0 328760 −40 3 39 3d7(2H)4d 3F + 12 3d74d (2D) 3F + 11 3d7(2G)4d 3F
329181.7 329441 −259 2 34 3d7(2H)4d 3F + 12 3d74d (2G) 3F + 11 3d7(2D)4d 3F
329341.2 329712 −371 2 77 3d7(2P)5s 3P + 8 3d75s (2D) 3D + 5 3d7(4P)5s 5P
329632.8 330121 −488 1 51 3d7(2P)5s 3P + 24 3d75s (2P) 1P + 14 3d7(2D)5s 3D
331041.9 331669 −627 1 53 3d7(2P)5s 1P + 39 3d75s (2P) 3P
332035.9 332203 −167 4 61 3d7(2H)4d 1G + 13 3d74d (2F) 1G + 11 3d7(2G)4d 1G
332436.4 332584 −148 6 99 3d7(2H)5s 3H
332854.7 332986 −131 5 78 3d7(2H)5s 3H + 20 3d75s (2H) 1H
333005.7 332799 207 3 77 3d7(2D)5s 3D + 22 3d75s (2D) 3D
333736.7 333127 610 2 27 3d7(2D)5s 3D + 27 3d75s (2D) 1D + 8 3d7(2D)5s 1D
333868.7 333962 −93 4 95 3d7(2H)5s 3H
334564.8 334649 −84 5 78 3d7(2H)5s 1H + 19 3d7(2H)5s 3H
335885.5 335708 178 2 44 3d7(2D)5s 1D + 22 3d7(2D)5s 3D + 11 3d7(2P)5s 3P
338974.8 339070 −95 5 88 3d7(2F)4d 3H + 8 3d7(2F)4d 1H
339378.8 339547 −168 6 96 3d7(2F)4d 3H
339392.7 339687 −294 3 86 3d7(2F)4d 3G + 6 3d7(2F)4d 1F
339763.8 340079 −315 4 89 3d7(2F)4d 3G
339808.5 339916 −108 5 90 3d7(2F)4d 1H + 8 3d7(2F)4d 3H
340161.9 340554 −392 5 94 3d7(2F)4d 3G
347248.7 347352 −103 4 81 3d7(2F)4d 1G + 7 3d7(2H)4d 1G
351520.2 351425 95 3 93 3d7(2F)5s 3F + 6 3d7(2F)5s 1F
351908.8 351901 8 4 99 3d7(2F)5s 3F
Odd parity
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
190527.7 190558 −30 5 91 3d7(4F)4p 5F + 7 3d7(4F)4p 5G
190553.6 190616 −62 4 54 3d7(4F)4p 5F + 38 3d7(4F)4p 5D
191761.8 191801 −39 3 70 3d7(4F)4p 5F + 23 3d7(4F)4p 5D
192741.0 192763 −22 2 83 3d7(4F)4p 5F + 12 3d7(4F)4p 5D
192752.8 192764 −11 4 51 3d7(4F)4p 5D + 34 3d7(4F)4p 5F + 9 3d7(4F)4p 5G
193434.4 193443 −9 1 93 3d7(4F)4p 5F + 5 3d7(4F)4p 5D
193947.8 193923 25 6 99 3d7(4F)4p 5G
194132.4 194149 −17 3 63 3d7(4F)4p 5D + 18 3d7(4F)4p 5F + 11 3d7(4F)4p 5G
194339.1 194309 30 5 75 3d7(4F)4p 5G + 16 3d7(4F)4p 3G + 9 3d7(4F)4p 5F
195054.9 195010 45 4 78 3d7(4F)4p 5G + 10 3d7(4F)4p 5F + 7 3d7(4F)4p 3G
195085.9 195114 −28 2 71 3d7(4F)4p 5D + 11 3d7(4F)4p 5G + 9 3d7(4F)4p 5F
195544.1 195496 48 3 80 3d7(4F)4p 5G + 10 3d7(4F)4p 5F
195684.3 195732 −48 1 84 3d7(4F)4p 5D + 10 3d7(4P)4p 5D + 5 3d7(4F)4p 5F
195827.0 195780 47 2 84 3d7(4F)4p 5G + 6 3d7(4F)4p 5F + 6 3d7(4F)4p 5D
195932.0 195990 −58 0 88 3d7(4F)4p 5D + 11 3d7(4P)4p 5D
197325.0 197340 −15 5 81 3d7(4F)4p 3G + 18 3d7(4F)4p 5G
198179.2 198209 −30 4 88 3d7(4F)4p 3F
199202.3 199214 −12 4 86 3d7(4F)4p 3G + 10 3d7(4F)4p 5G
199598.8 199633 −34 3 84 3d7(4F)4p 3F + 5 3d7(4F)4p 3D
200482.6 200497 −14 3 92 3d7(4F)4p 3G
200720.0 200734 −14 2 89 3d7(4F)4p 3F + 5 3d7(2G)4p 3F
201210.9 201378 −167 3 87 3d7(4F)4p 3D + 6 3d7(4F)4p 3F
202360.6 202528 −167 2 88 3d7(4F)4p 3D
203139.5 203306 −167 1 90 3d7(4F)4p 3D
203868.9 203936 −67 2 97 3d7(4P)4p 5S
213360.4 213346 14 1 57 3d7(4P)4p 5D + 11 3d7(2P)4p 3P + 10 3d7(4P)4p 3S
213534.5 213340 195 2 76 3d7(4P)4p 5D + 9 3d7(4F)4p 5D
213664.9 213412 253 3 78 3d7(4P)4p 5D + 8 3d7(4F)4p 5D + 7 3d7(4P)4p 3D
213932.1 213784 148 0 82 3d7(4P)4p 5D + 11 3d7(4F)4p 5D + 6 3d7(2P)4p 3P
214318.7 214025 294 4 89 3d7(4P)4p 5D + 6 3d7(4F)4p 5D
214413.4 214464 −51 1 42 3d7(4P)4p 3S + 25 3d7(4P)4p 5D + 10 3d7(2P)4p 3S
214835.3 214638 197 5 67 3d7(2G)4p 3H + 17 3d7(2G)4p 1H + 10 3d7(2G)4p 3G
215132.8 214971 162 4 55 3d7(2G)4p 3F + 12 3d7(2G)4p 3G + 8 3d7(2G)4p 3H
215733.9 215533 201 4 82 3d7(2G)4p 3H + 8 3d7(2G)4p 3F
216071.3 215829 242 6 95 3d7(2G)4p 3H
216428.9 216928 −499 0 67 3d7(2P)4p 3P + 16 3d7(2D)4p 3P + 6 3d7(2D)4p 3P
216702.9 217017 −314 2 31 3d7(2P)4p 3P + 34 3d7(4P)4p 5P + 16 3d7(4P)4p 3D
217079.2 216916 163 3 73 3d7(2G)4p 3F + 16 3d7(2G)4p 3G
217109.3 217546 −437 1 48 3d7(2P)4p 3P + 18 3d7(4P)4p 5P + 9 3d7(2D)4p 3P
217444.6 217385 60 4 46 3d7(2G)4p 1G + 25 3d7(2G)4p 3F + 16 3d7(2H)4p 1G
217621.1 217294 327 3 54 3d7(4P)4p 5P + 29 3d7(4P)4p 3D + 8 3d7(4P)4p 5D
217649.6 217743 −93 2 48 3d7(4P)4p 5P + 26 3d7(4P)4p 3D + 5 3d7(2D)4p 3D
217999.5 217971 29 5 79 3d7(2G)4p 3G + 15 3d7(2G)4p 1H
218027.5 217915 113 2 13 3d7(2P)4p 1D + 28 3d7(2P)4p 3P + 16 3d7(4P)4p 3D
218137.6 217882 256 3 48 3d7(4P)4p 3D + 34 3d7(4P)4p 5P
218170.7 217871 300 1 63 3d7(4P)4p 5P + 24 3d7(4P)4p 3S
218628.0 218499 129 3 45 3d7(2G)4p 3G + 31 3d7(2G)4p 1F + 9 3d7(2G)4p 3F
218631.1 218617 14 1 64 3d7(4P)4p 3D + 18 3d7(2P)4p 3D
218726.2 218501 225 2 92 3d7(2G)4p 3F + 5 3d7(4F)4p 3F
218814.5 218633 182 5 63 3d7(2G)4p 1H + 27 3d7(2G)4p 3H + 8 3d7(2G)4p 3G
218944.8 218965 −20 4 72 3d7(2G)4p 3G + 11 3d7(2G)4p 1G + 8 3d7(2G)4p 3H
219402.7 219383 20 3 36 3d7(2G)4p 1F + 34 3d7(2G)4p 3G + 8 3d7(2G)4p 3F
219867.4 220519 −652 0 49 3d7(4P)4p 3P + 39 3d7(2P)4p 1S + 9 3d7(2P)4p 3P
220315.6 220202 114 2 66 3d7(4P)4p 3P + 11 3d7(2D)4p 3P + 6 3d7(4P)4p 5P
220917.0 220971 −54 5 92 3d7(2H)4p 3G + 5 3d7(2F)4p 3G
221271.6 221206 66 1 67 3d7(4P)4p 3P + 16 3d7(2P)4p 3D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
221601.6 221713 −111 6 69 3d7(2H)4p 3I + 28 3d7(2H)4p 1I
221650.0 222030 −380 3 61 3d7(2P)4p 3D + 14 3d7(2D)4p 3D + 6 3d7(2D)4p 3D
221738.5 221783 −45 2 22 3d7(4P)4p 3D + 18 3d7(4P)4p 3P + 15 3d7(2P)4p 1D
222335.9 222349 −13 1 29 3d7(2P)4p 3D + 24 3d7(2D)4p 3D + 20 3d7(4P)4p 3P
222397.7 222405 −7 4 87 3d7(2H)4p 3G + 6 3d7(2F)4p 3G
222527.4 222622 −95 5 93 3d7(2H)4p 3I
222602.5 222746 −144 2 29 3d7(2D)4p 3D + 24 3d7(2P)4p 3D + 10 3d7(2P)4p 1D
222665.8 222751 −85 7 100 3d7(2H)4p 3I
223000.0 222545 455 3 47 3d7(2D)4p 3D + 17 3d7(2D)4p 3F + 12 3d7(2D)4p 3D
223623.0 223580 43 3 79 3d7(2H)4p 3G + 6 3d7(2F)4p 3G
223764.1 223734 30 1 29 3d7(2D)4p 3D + 27 3d7(2P)4p 3D + 18 3d7(2P)4p 1P
223847.4 224457 −610 0 56 3d7(2P)4p 1S + 43 3d7(4P)4p 3P
224070.6 224131 −60 2 34 3d7(2P)4p 3D + 22 3d7(2D)4p 3D + 16 3d7(2P)4p 1D
224959.1 225045 −86 6 69 3d7(2H)4p 1I + 27 3d7(2H)4p 3I
225386.9 225131 256 4 77 3d7(2D)4p 3F + 20 3d7(2D)4p 3F
225858.9 225659 200 3 48 3d7(2D)4p 3F + 13 3d7(2P)4p 3D + 11 3d7(2D)4p 3F
226271.3 226057 214 2 51 3d7(2D)4p 3F + 11 3d7(2D)4p 3D + 10 3d7(2D)4p 3F
226558.0 227127 −569 1 39 3d7(2P)4p 1p + 24 3d7(2P)4p 3S + 11 3d7(2D)4p 3P
227159.6 227375 −215 1 53 3d7(2P)4p 3S + 20 3d7(2P)4p 1P + 9 3d7(4P)4p 3S
227959.5 227765 195 2 28 3d7(2D)4p 1D + 23 3d7(2D)4p 3P + 22 3d7(2P)4p 1D
227993.2 228180 −187 6 97 3d7(2H)4p 3H
228479.7 228640 −160 5 93 3d7(2H)4p 3H
229064.0 229213 −149 4 94 3d7(2H)4p 3H
229694.2 229500 194 2 34 3d7(2D)4p 3P + 19 3d7(2D)4p 1D + 13 3d7(2P)4p 3P
230235.9 230367 −131 4 67 3d7(2H)4p 1G + 29 3d7(2G)4p 1G
230331.1 230057 274 3 56 3d7(2D)4p 1F + 17 3d7(2G)4p 1F + 13 3d7(2D)4p 1F
231216.3 231151 65 1 49 3d7(2D)4p 3P + 14 3d7(2P)4p 1P + 11 3d7(2P)4p 3P
231825.2 231633 192 0 65 3d7(2D)4p 3P + 17 3d7(2P)4p 3P + 12 3d7(2D)4p 3P
232441.8 232271 171 1 72 3d7(2D)4p 1P + 12 3d7(2D)4p 1P + 5 3d7(2P)4p 3S
233298.6 233428 −129 5 94 3d7(2H)4p 1H
241854.9 241819 36 2 57 3d7(2F)4p 1D + 32 3d7(2F)4p 3F + 5 3d7(2F)4p 3D
242529.8 242488 42 3 74 3d7(2F)4p 3G + 15 3d7(2F)4p 3F + 7 3d7(2H)4p 3G
243028.9 243071 −42 4 60 3d7(2F)4p 3G + 21 3d7(2F)4p 3F + 11 3d7(2F)4p 1G
243725.3 243724 1 3 49 3d7(2F)4p 3D + 34 3d7(2F)4p 3F + 7 3d7(2F)4p 3G
244071.6 244091 −19 2 62 3d7(2F)4p 3F + 28 3d7(2F)4p 1D + 5 3d7(2F)4p 3D
244417.1 244379 38 3 46 3d7(2F)4p 3F + 38 3d7(2F)4p 3D + 8 3d7(2F)4p 3G
244671.4 244680 −9 5 93 3d7(2F)4p 3G + 6 3d7(2H)4p 3G
244753.1 244733 20 4 40 3d7(2F)4p 3F + 31 3d7(2F)4p 3G + 24 3d7(2F)4p 1G
244812.8 244714 99 2 80 3d7(2F)4p 3D + 10 3d7(2F)4p 1D
244943.0 244768 175 1 90 3d7(2F)4p 3D + 5 3d7(2D)4p 3D
245204.3 245250 −46 4 63 3d7(2F)4p 1G + 33 3d7(2F)4p 3F
250622.8 250488 135 3 95 3d7(2F)4p 1F
266196.5 266194 3 2 77 3d7(2D)4p 3P + 20 3d7(2D)4p 3P
266460.9 266482 −21 1 78 3d7(2D)4p 3P + 18 3d7(2D)4p 3P
266775.0 266786 −11 0 81 3d7(2D)4p 3P + 17 3d7(2D)4p 3P
268006.0 268109 −103 2 76 3d7(2D)4p 3F + 18 3d7(2D)4p 3F
268956.3 269006 −50 3 74 3d7(2D)4p 3F + 19 3d7(2D)4p 3F
270239.5 270255 −16 4 75 3d7(2D)4p 3F + 21 3d7(2D)4p 3F
272352.4 272380 −28 1 79 3d7(2D)4p 1P + 12 3d7(2D)4p 1P
272943.7 272785 159 3 74 3d7(2D)4p 1F + 20 3d7(2D)4p 1F
275672.9 275697 −24 1 71 3d7(2D)4p 3D + 21 3d7(2D)4p 3D
275970.3 276048 −78 2 61 3d7(2D)4p 3D + 18 3d7(2D)4p 3D + 13 3d7(2D)4p 1D
276545.9 276677 −131 2 58 3d7(2D)4p 1D + 20 3d7(2D)4p 1D + 12 3d7(2D)4p 3D
277108.7 277111 −2 3 70 3d7(2D)4p 3D + 24 3d7(2D)4p 3D
a From NIST compilation (Kramida et al. 2019).
b This work.
c Only the first three components higher than or equal to 5% are given.
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Table A.10. Comparison between available experimental and calculated energy
levels in Cu v. Energies are given in cm−1.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
Even parity
0.0 136 −136 4.5 99 3d7 4F
1615.9 1715 −99 3.5 100 3d7 4F
2759.3 2840 −81 2.5 99 3d7 4F
3528.1 3596 −68 1.5 99 3d7 4F
20826.8 20622 205 2.5 99 3d7 4P
21065.9 20952 114 1.5 91 3d7 4P + 8 3d7 2P
21935.1 21818 117 0.5 96 3d7 4P
22575.3 22345 230 4.5 96 3d7 2G
24099.8 23858 242 3.5 99 3d7 2G
27015.9 27397 −381 1.5 76 3d7 2P + 13 3d7 2D + 8 3d7 4P
28366.6 28954 −587 0.5 96 3d7 2P
30401.7 30561 −159 5.5 100 3d7 2H
30966.0 30512 454 2.5 77 3d7 2D + 22 3d7 2D
31823.4 31946 −123 4.5 97 3d7 2H
33292.4 32954 338 1.5 67 3d7 2D + 16 3d7 2D + 16 3d7 2P
49490.0 49377 113 2.5 99 3d7 2F
50071.9 50070 2 3.5 99 3d7 2F
76838.2 76962 −124 1.5 80 3d7 2D + 19 3d7 2D
77668.0 77725 −57 2.5 77 3d7 2D + 22 3d7 2D
187779.4 187825 −46 4.5 99 3d6(5D)4s 6D
188832.7 188907 −74 3.5 99 3d6(5D)4s 6D
189586.9 189682 −95 2.5 99 3d6(5D)4s 6D
190100.3 190210 −110 1.5 99 3d6(5D)4s 6D
190400.3 190520 −120 0.5 99 3d6(5D)4s 6D
199441.3 199411 30 3.5 99 3d6(5D)4s 4D
200648.2 200665 −17 2.5 99 3d6(5D)4s 4D
201412.8 201459 −46 1.5 99 3d6(5D)4s 4D
201849.7 201913 −63 0.5 99 3d6(5D)4s 4D
219203.4 219228 −25 2.5 60 3d6(3P)4s 4P + 39 3d6(3P)4s 4P
220207.8 220486 −278 6.5 99 3d6(3H)4s 4H
220622.8 220820 −197 5.5 96 3d6(3H)4s 4H
220938.1 221022 −84 4.5 84 3d6(3H)4s 4H + 6 3d6(3F)4s 4F + 6 3d6(3G)4s 4G
221271.9 221321 −49 3.5 89 3d6(3H)4s 4H
221664.1 221818 −154 1.5 56 3d6(3P)4s 4P + 35 3d6(3P)4s 4P
222401.3 222321 80 4.5 64 3d6(3F)4s 4F + 19 3d6(3F)4s 4F + 12 3d6(3H)4s 4H
222885.7 222810 76 3.5 69 3d6(3F)4s 4F + 19 3d6(3F)4s 4F + 7 3d6(3H)4s 4H
223214.2 223136 78 2.5 76 3d6(3F)4s 4F + 19 3d6(3F)4s 4F
223375.5 223571 −196 0.5 60 3d6(3P)4s 4P + 37 3d6(3P)4s 4P
223476.5 223428 49 1.5 80 3d6(3F)4s 4F + 19 3d6(3F)4s 4F
226310.8 226324 −13 5.5 67 3d6(3G)4s 4G + 30 3d6(3H)4s 2H
226888.8 227030 −141 1.5 56 3d6(3P)4s 2P + 35 3d6(3P)4s 2P + 5 3d6(3P)4s 4P
227542.6 227577 −34 4.5 66 3d6(3G)4s 4G + 25 3d6(3H)4s 2H + 5 3d6(3F)4s 4F
227800.5 228027 −227 5.5 68 3d6(3H)4s 2H + 29 3d6(3G)4s 4G
228020.3 227952 68 3.5 76 3d6(3G)4s 4G + 10 3d6(3F)4s 2F + 5 3d6(3F)4s 4F
228047.5 228150 −103 4.5 68 3d6(3H)4s 2H + 24 3d6(3G)4s 4G + 5 3d6(3G)4s 2G
228105.3 227973 132 2.5 83 3d6(3G)4s 4G + 10 3d6(3F)4s 2F
229587.5 229420 168 3.5 60 3d6(3F)4s 2F + 17 3d6(3F)4s 2F + 15 3d6(3G)4s 4G
229773.6 229975 −201 0.5 58 3d6(3P)4s 2P + 36 3d6(3P)4s 2P
230531.7 230526 6 2.5 70 3d6(3F)4s 2F + 17 3d6(3F)4s 2F + 13 3d6(3G)4s 4G
234036.4 234037 −1 4.5 94 3d6(3G)4s 2G
235052.5 235044 9 3.5 93 3d6(3G)4s 2G + 5 3d6(3F)4s 2F
236039.8 235553 487 1.5 98 3d6(3D)4s 4D
236058.9 235609 450 2.5 98 3d6(3D)4s 4D
236108.8 235599 510 0.5 98 3d6(3D)4s 4D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
236331.2 235900 431 3.5 99 3d6(3D)4s 4D
238233.6 238377 −143 6.5 99 3d6(1I)4s 2I
238305.2 238426 −121 5.5 98 3d6(1I)4s 2I
239540.9 238438 1103 4.5 63 3d6(1G)4s 2G + 32 3d6(1G)4s 2G
239614.5 238499 1116 3.5 63 3d6(1G)4s 2G + 32 3d6(1G)4s 2G
243140.4 242661 479 2.5 97 3d6(3D)4s 2D
246476.5 247554 −1078 2.5 75 3d6(1D)4s 2D + 21 3d6(1D)4s 2D
246624.3 247631 −1007 1.5 74 3d6(1D)4s 2D + 20 3d6(1D)4s 2D
256272.5 256475 −203 3.5 96 3d6(1F)4s 2F
256272.9 256496 −223 2.5 96 3d6(1F)4s 2F
265691.5 265657 35 1.5 80 3d6(3F)4s 4F + 19 3d6(3F)4s 4F
265752.4 265730 22 4.5 77 3d6(3F)4s 4F + 22 3d6(3F)4s 4F
265886.0 265881 5 2.5 78 3d6(3F)4s 4F + 19 3d6(3F)4s 4F
265975.0 265980 −5 3.5 76 3d6(3F)4s 4F + 20 3d6(3F)4s 4F
272755.1 272606 149 3.5 76 3d6(3F)4s 2F + 21 3d6(3F)4s 2F
272800.8 272670 131 2.5 79 3d6(3F)4s 2F + 20 3d6(3F)4s 2F
278281.8 278581 −299 4.5 65 3d6(1G)4s 2G + 34 3d6(1G)4s 2G
278380.0 278641 −261 3.5 64 3d6(1G)4s 2G + 33 3d6(1G)4s 2G
Odd parity
266226.7 266263 −36 4.5 97 3d6(5D)4p 6D
266560.0 266652 −92 3.5 94 3d6(5D)4p 6D
267068.8 267218 −149 2.5 96 3d6(5D)4p 6D
267488.7 267680 −191 1.5 98 3d6(5D)4p 6D
267759.0 267975 −216 0.5 99 3d6(5D)4p 6D
274003.9 273786 218 5.5 99 3d6(5D)4p 6F
274064.5 273895 170 4.5 92 3d6(5D)4p 6F + 5 3d6(5D)4p 4F
274073.2 273952 121 3.5 89 3d6(5D)4p 6F
274146.2 274061 85 2.5 92 3d6(5D)4p 6F
274188.5 274127 62 1.5 94 3d6(5D)4p 6F
274209.7 274160 50 0.5 95 3d6(5D)4p 6F
276368.0 276236 132 3.5 77 3d6(5D)4p 6P + 15 3d6(5D)4p 4D
278294.6 278210 85 2.5 79 3d6(5D)4p 6P + 16 3d6(5D)4p 4D
278663.1 278601 62 3.5 77 3d6(5D)4p 4D + 18 3d6(5D)4p 6P
279421.1 279246 175 4.5 92 3d6(5D)4p 4F + 6 3d6(5D)4p 6F
279496.8 279479 18 2.5 75 3d6(5D)4p 4D + 19 3d6(5D)4p 6P
279589.5 279530 60 1.5 84 3d6(5D)4p 6P + 13 3d6(5D)4p 4D
280065.7 280080 −14 1.5 78 3d6(5D)4p 4D + 14 3d6(5D)4p 6P
280373.3 280427 −54 0.5 91 3d6(5D)4p 4D
280928.7 280810 119 3.5 93 3d6(5D)4p 4F + 5 3d6(5D)4p 6F
281942.4 281852 90 2.5 95 3d6(5D)4p 4F
282621.5 282550 72 1.5 96 3d6(5D)4p 4F
284520.9 284782 −261 2.5 96 3d6(5D)4p 4P
285546.4 285841 −295 1.5 97 3d6(5D)4p 4P
286068.7 286393 −324 0.5 97 3d6(5D)4p 4P
300401.2 300616 −215 5.5 65 3d6(3H)4p 4G + 22 3d6(3F)4p 4G + 8 3d6(3G)4p 4G
300837.1 300768 69 4.5 30 3d6(3H)4p 4G + 25 3d6(3F)4p 4G + 10 3d6(3G)4p 4G
301080.5 301048 33 2.5 24 3d6(3P)4p 4P + 22 3d6(3P)4p 4P + 10 3d6(3P)4p 4D
301255.4 301141 114 3.5 27 3d6(3F)4p 4G + 21 3d6(3H)4p 4G + 11 3d6(3G)4p 4G
301286.4 301317 −31 5.5 50 3d6(3H)4p 4I + 32 3d6(3H)4p 4H + 11 3d6(3G)4p 4H
301336.1 301490 −154 6.5 49 3d6(3H)4p 4I + 34 3d6(3H)4p 4H + 10 3d6(3H)4p 2I
301385.6 301509 −123 4.5 35 3d6(3H)4p 4I + 29 3d6(3H)4p 4H + 18 3d6(3H)4p 4G
301533.4 301520 13 2.5 43 3d6(3F)4p 4G + 34 3d6(3H)4p 4G + 7 3d6(3G)4p 4G
301586.7 301667 −80 3.5 26 3d6(3H)4p 4H + 20 3d6(3H)4p 4G + 17 3d6(3H)4p 2G
302961.2 303061 −100 0.5 44 3d6(3P)4p 4P + 42 3d6(3P)4p 4P
302980.4 302984 −4 4.5 43 3d6(3H)4p 4I + 16 3d6(3H)4p 2G + 13 3d6(3H)4p 4H
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
303209.3 303251 −42 3.5 20 3d6(3H)4p 4H + 17 3d6(3F)4p 4F
303241.7 303153 89 2.5 28 3d6(3P)4p 2D + 19 3d6(3P)4p 4P + 19 3d6(3P)4p 2D
303456.4 303417 39 7.5 99 3d6(3H)4p 4I
303479.1 303505 −26 2.5 47 3d6(3F)4p 4F + 16 3d6(3F)4p 4F + 8 3d6(3D)4p 4F
303679.5 303754 −75 1.5 60 3d6(3F)4p 4F + 20 3d6(3F)4p 4F + 11 3d6(3D)4p 4F
303734.1 303801 −67 1.5 23 3d6(3P)4p 4S + 21 3d6(3P)4p 4D + 7 3d6(3P)4p 2D
303931.7 304054 −122 5.5 43 3d6(3H)4p 4H + 42 3d6(3H)4p 4I + 7 3d6(3G)4p 4H
304062.3 304286 −224 6.5 53 3d6(3H)4p 4H + 34 3d6(3H)4p 4I + 7 3d6(3G)4p 4H
304092.2 304129 −37 4.5 44 3d6(3F)4p 4F + 17 3d6(3F)4p 4F + 10 3d6(3H)4p 4G
304199.0 304174 25 3.5 46 3d6(3P)4p 4D + 27 3d6(3P)4p 4D + 7 3d6(3H)4p 4H
304456.1 304732 −276 4.5 38 3d6(3H)4p 2G + 21 3d6(3H)4p 4H + 12 3d6(3G)4p 2G
304655.0 304739 −84 3.5 20 3d6(3H)4p 2G + 19 3d6(3F)4p 4F + 10 3d6(3H)4p 4G
305453.3 305657 −204 3.5 41 3d6(3F)4p 4D + 13 3d6(3H)4p 2G + 9 3d6(3F)4p 4D
305844.4 306031 −187 1.5 16 3d6(3P)4p 4P + 16 3d6(3P)4p 4P + 14 3d6(3P)4p 2D
305882.7 305838 45 6.5 79 3d6(3H)4p 2I + 16 3d6(3H)4p 4I
306115.6 306249 −133 2.5 49 3d6(3F)4p 4D + 10 3d6(3F)4p 4D + 10 3d6(3D)4p 4D
306678.1 306886 −208 1.5 55 3d6(3F)4p 4D + 11 3d6(3D)4p 4D + 11 3d6(3F)4p 4D
306892.2 306715 177 5.5 74 3d6(3H)4p 2I + 5 3d6(3F)4p 4G + 5 3d6(3H)4p 4I
306905.8 307159 −253 2.5 37 3d6(3P)4p 4D + 18 3d6(3P)4p 4D + 8 3d6(3F)4p 4D
306989.1 307210 −221 0.5 63 3d6(3F)4p 4D + 14 3d6(3D)4p 4D + 11 3d6(3F)4p 4D
307138.8 307406 −267 1.5 24 3d6(3P)4p 4D + 14 3d6(3P)4p 2D + 10 3d6(3P)4p 4D
307824.5 307669 156 4.5 28 3d6(3F)4p 4G + 16 3d6(3H)4p 4G + 13 3d6(3F)4p 2G
307909.5 307805 105 2.5 24 3d6(3F)4p 2F + 14 3d6(3G)4p 4G + 14 3d6(3H)4p 4G
307990.7 307971 20 3.5 24 3d6(3F)4p 4G + 17 3d6(3H)4p 4G + 11 3d6(3F)4p 2F
308064.9 308024 41 5.5 47 3d6(3F)4p 4G + 14 3d6(3F)4p 4G + 13 3d6(3H)4p 2I
308817.8 308845 −27 4.5 53 3d6(3G)4p 4F + 23 3d6(3G)4p 4G + 7 3d6(3D)4p 4F
309269.1 309498 −229 5.5 31 3d6(3G)4p 2H + 25 3d6(3G)4p 4G + 13 3d6(3H)4p 4H
309294.1 309129 165 3.5 22 3d6(3F)4p 2F + 14 3d6(3H)4p 4G + 12 3d6(3F)4p 2F
309569.9 309249 321 2.5 33 3d6(3H)4p 4G + 16 3d6(3F)4p 4G + 10 3d6(3F)4p 4G
309702.9 309831 −128 0.5 28 3d6(3P)4p 2P + 25 3d6(3P)4p 2P + 18 3d6(3P)4p 2S
309772.0 309710 62 4.5 26 3d6(3F)4p 2G + 22 3d6(3G)4p 2H + 13 3d6(3F)4p 4G
309801.3 309738 63 3.5 40 3d6(3G)4p 4F + 36 3d6(3G)4p 4G + 5 3d6(3F)4p 4F
310450.4 310932 −482 1.5 42 3d6(3P)4p 2P + 30 3d6(3P)4p 2P + 5 3d6(3G)4p 4F
310483.1 310472 11 5.5 45 3d6(3G)4p 4G + 17 3d6(3H)4p 2H + 14 3d6(3H)4p 4G
310753.8 310708 46 2.5 32 3d6(3G)4p 4F + 31 3d6(3G)4p 4G + 8 3d6(3F)4p 2F
310874.9 310872 3 4.5 21 3d6(3F)4p 2G + 13 3d6(3H)4p 2H + 5 3d6(3F)4p 2G
311220.3 310952 268 3.5 55 3d6(3F)4p 2G + 13 3d6(3F)4p 2G + 8 3d6(3F)4p 4G
311232.9 311297 −64 4.5 39 3d6(3G)4p 4G + 16 3d6(3H)4p 2H + 10 3d6(3H)4p 4G
311582.4 311651 −69 3.5 39 3d6(3G)4p 4G + 24 3d6(3G)4p 4F + 9 3d6(3D)4p 4F
311706.3 311627 79 1.5 57 3d6(3G)4p 4F + 17 3d6(3D)4p 4F + 6 3d6(3P)4p 2D
311837.8 311765 73 2.5 37 3d6(3G)4p 4G + 29 3d6(3G)4p 4F + 11 3d6(3D)4p 4F
311888.8 311877 12 6.5 82 3d6(3G)4p 4H + 13 3d6(3H)4p 4H
311982.0 312209 −227 0.5 49 3d6(3P)4p 2S + 22 3d6(3P)4p 2S + 9 3d6(3P)4p 2P
312073.1 312087 −14 3.5 64 3d6(3G)4p 4H + 14 3d6(3H)4p 4H + 7 3d6(3F)4p 2G
312105.5 312128 −23 5.5 66 3d6(3G)4p 4H + 14 3d6(3H)4p 2H + 7 3d6(3H)4p 4H
312138.0 312122 16 4.5 65 3d6(3G)4p 4H + 10 3d6(3H)4p 4H + 8 3d6(3H)4p 2H
314237.9 314264 −26 2.5 59 3d6(3F)4p 2D + 10 3d6(3P)4p 2D + 8 3d6(3F)4p 2D
314988.0 315060 −72 1.5 61 3d6(3F)4p 2D + 16 3d6(3P)4p 2D + 6 3d6(3P)4p 2D
316134.0 316427 −293 2.5 39 3d6(3G)4p 2F + 22 3d6(3D)4p 2F + 10 3d6(1D)4p 2F
316149.4 316217 −68 5.5 51 3d6(3H)4p 2H + 37 3d6(3G)4p 2H
316642.6 316833 −190 3.5 45 3d6(3G)4p 2F + 21 3d6(3D)4p 2F + 9 3d6(3F)4p 2F
317201.1 317043 158 4.5 32 3d6(3G)4p 2H + 31 3d6(3H)4p 2H + 6 3d6(3G)4p 2G
317240.4 317272 −32 6.5 96 3d6(1I)4p 2K
318923.1 318699 224 2.5 84 3d6(3D)4p 4P
319304.2 319143 161 3.5 61 3d6(3G)4p 2G + 10 3d6(1G)4p 2F + 7 3d6(3H)4p 2G
319404.1 319180 224 1.5 67 3d6(3D)4p 4P + 11 3d6(3D)4p 2P + 8 3d6(3D)4p 4D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
319407.6 319379 29 7.5 99 3d6(1I)4p 2K
319418.8 318815 604 4.5 42 3d6(1G)4p 2H + 19 3d6(1G)4p 2H + 13 3d6(3G)4p 2H
319689.0 319707 −18 4.5 64 3d6(3G)4p 2G + 16 3d6(3H)4p 2G + 10 3d6(3H)4p 2H
319951.5 319765 187 5.5 42 3d6(1I)4p 2H + 32 3d6(1G)4p 2H + 9 3d6(1G)4p 2H
320216.4 320024 192 0.5 43 3d6(3D)4p 4P + 24 3d6(3D)4p 4D + 17 3d6(3D)4p 2P
320935.3 320671 264 0.5 47 3d6(3D)4p 4P + 19 3d6(3D)4p 4D + 16 3d6(3D)4p 2P
321074.0 320755 319 1.5 51 3d6(3D)4p 4F + 24 3d6(3G)4p 4F + 7 3d6(3D)4p 4D
321364.9 321140 225 2.5 49 3d6(3D)4p 4F + 20 3d6(3G)4p 4F + 13 3d6(3D)4p 4D
321433.0 320982 451 3.5 36 3d6(1G)4p 2G + 17 3d6(1G)4p 2G + 11 3d6(3D)4p 4F
321443.1 321034 409 1.5 30 3d6(3D)4p 2P + 18 3d6(3D)4p 4P + 18 3d6(3D)4p 4D
321795.8 321587 209 3.5 26 3d6(3D)4p 4D + 16 3d6(1G)4p 2G + 11 3d6(3H)4p 2G
322192.1 321878 314 2.5 64 3d6(3D)4p 4D + 16 3d6(3D)4p 4F + 7 3d6(3F)4p 4D
322375.9 321553 823 4.5 49 3d6(1G)4p 2G + 22 3d6(1G)4p 2G + 8 3d6(1G)4p 2H
322464.1 321921 543 3.5 55 3d6(3D)4p 4F + 12 3d6(3G)4p 4F + 11 3d6(1G)4p 2F
322470.0 322037 433 1.5 46 3d6(3D)4p 4D + 30 3d6(3D)4p 2P + 7 3d6(1S)4p 2P
322569.0 322293 276 0.5 35 3d6(3D)4p 4D + 30 3d6(3D)4p 2P + 12 3d6(1S)4p 2P
322744.4 322544 200 3.5 45 3d6(3D)4p 4D + 13 3d6(1G)4p 2F + 7 3d6(3F)4p 4D
322875.8 322434 442 4.5 77 3d6(3D)4p 4F + 14 3d6(3G)4p 4F
323222.4 322958 264 2.5 34 3d6(1G)4p 2F + 16 3d6(3G)4p 2F + 16 3d6(1G)4p 2F
323506.3 322768 738 5.5 29 3d6(1G)4p 2H + 28 3d6(1I)4p 2H + 26 3d6(1G)4p 2H
323616.8 323762 −145 4.5 70 3d6(1I)4p 2H + 10 3d6(3G)4p 2H + 9 3d6(1G)4p 2H
324623.5 324849 −226 6.5 97 3d6(1I)4p 2I
324668.3 324824 −156 5.5 87 3d6(1I)4p 2I + 9 3d6(1I)4p 2H
324908.8 324866 43 1.5 70 3d6(3D)4p 2D + 8 3d6(1D)4p 2P + 6 3d6(1F)4p 2D
325518.5 325443 76 2.5 84 3d6(3D)4p 2D
325923.4 325688 235 1.5 32 3d6(1S)4p 2P + 20 3d6(1D)4p 2P + 12 3d6(3D)4p 2D
326477.1 326236 241 3.5 64 3d6(3D)4p 2F + 11 3d6(1D)4p 2F + 7 3d6(3G)4p 2F
327268.0 327269 −1 2.5 57 3d6(3D)4p 2F + 14 3d6(1D)4p 2F + 7 3d6(1G)4p 2F
327379.7 326541 839 0.5 40 3d6(1S)4p 2P + 25 3d6(3D)4p 2P + 12 3d6(1S)4p 2P
329339.6 329710 −370 2.5 25 3d6(1D)4p 2D + 24 3d6(1D)4p 2F + 11 3d6(1F)4p 2D
329960.8 330412 −451 1.5 50 3d6(1D)4p 2D + 12 3d6(1F)4p 2D + 10 3d6(1D)4p 2D
330765.1 331371 −606 2.5 30 3d6(1D)4p 2D + 23 3d6(1D)4p 2F + 18 3d6(1F)4p 2D
331353.6 331611 −257 0.5 58 3d6(1D)4p 2P + 22 3d6(1D)4p 2P + 9 3d6(1S)4p 2P
331435.0 332108 −673 3.5 54 3d6(1D)4p 2F + 14 3d6(1D)4p 2F + 9 3d6(3G)4p 2F
332946.3 332577 369 1.5 32 3d6(1D)4p 2P + 17 3d6(1S)4p 2P + 14 3d6(1D)4p 2D
335935.2 336160 −225 3.5 87 3d6(1F)4p 2G
338015.8 338917 −901 2.5 48 3d6(1F)4p 2D + 20 3d6(1D)4p 2D + 6 3d6(1D)4p 2D
338059.3 338289 −230 4.5 92 3d6(1F)4p 2G
339377.8 339843 −465 1.5 28 3d6(3F)4p 4D + 22 3d6(3P)4p 4D + 22 3d6(1F)4p 2D
339845.5 339817 29 0.5 38 3d6(3P)4p 4D + 35 3d6(3F)4p 4D + 17 3d6(3P)4p 4D
340482.7 340952 −469 1.5 53 3d6(1F)4p 2D + 13 3d6(3P)4p 4D + 10 3d6(3F)4p 4D
340722.8 340846 −123 2.5 39 3d6(3F)4p 4D + 28 3d6(3P)4p 4D + 13 3d6(3P)4p 4D
340819.5 340897 −78 3.5 52 3d6(3F)4p 4D + 22 3d6(3P)4p 4D + 11 3d6(3F)4p 4D
343301.1 343466 −165 2.5 80 3d6(1F)4p 2F + 5 3d6(1F)4p 2D + 5 3d6(1G)4p 2F
343337.2 343465 −128 3.5 81 3d6(1F)4p 2F + 5 3d6(1G)4p 2F
347219.0 346993 226 2.5 76 3d6(3F)4p 4G + 17 3d6(3F)4p 4G
347793.1 347578 215 3.5 75 3d6(3F)4p 4G + 17 3d6(3F)4p 4G
348323.7 348098 226 4.5 71 3d6(3F)4p 4G + 17 3d6(3F)4p 4G
349167.6 348848 320 5.5 77 3d6(3F)4p 4G + 20 3d6(3F)4p 4G
349300.5 349038 263 1.5 72 3d6(3P)4p 4S + 25 3d6(3P)4p 4S
351430.8 351331 100 1.5 49 3d6(3F)4p 2D + 22 3d6(3P)4p 2D + 9 3d6(3P)4p 2D
351671.9 351981 −309 0.5 46 3d6(3P)4p 4P + 39 3d6(3P)4p 4P + 7 3d6(3P)4p 2S
352004.5 352402 −398 1.5 47 3d6(3P)4p 4P + 40 3d6(3P)4p 4P
352419.2 352501 −82 2.5 45 3d6(3F)4p 2D + 21 3d6(3P)4p 2D + 11 3d6(3P)4p 2D
352582.3 352325 257 4.5 63 3d6(3F)4p 2G + 16 3d6(3F)4p 2G
353485.7 353743 −257 2.5 24 3d6(3P)4p 4P + 20 3d6(3P)4p 4P + 12 3d6(3P)4p 4D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
353590.0 353445 145 0.5 45 3d6(3F)4p 4D + 22 3d6(3P)4p 4D + 15 3d6(3P)4p 4D
353645.9 353464 182 3.5 65 3d6(3F)4p 2G + 15 3d6(3F)4p 2G + 8 3d6(3F)4p 4F
354039.3 353996 43 1.5 29 3d6(3F)4p 4D + 19 3d6(3P)4p 4D + 13 3d6(3P)4p 4D
354548.0 354714 −166 2.5 24 3d6(3F)4p 4F + 22 3d6(3P)4p 4P + 19 3d6(3P)4p 4P
354796.7 354750 47 1.5 51 3d6(3F)4p 4F + 17 3d6(3F)4p 4F + 9 3d6(3F)4p 4D
354905.2 354857 48 3.5 39 3d6(3F)4p 4F + 15 3d6(3F)4p 4F + 15 3d6(3P)4p 4D
355606.0 355610 −4 2.5 34 3d6(3F)4p 4F + 20 3d6(3F)4p 4D + 14 3d6(3P)4p 4D
355875.0 355799 76 4.5 64 3d6(3F)4p 4F + 25 3d6(3F)4p 4F + 8 3d6(3F)4p 2G
356372.1 356428 −56 3.5 23 3d6(3P)4p 4D + 23 3d6(3F)4p 4F + 20 3d6(3F)4p 4D
356661.9 356858 −196 1.5 26 3d6(3F)4p 2D + 21 3d6(3P)4p 2D + 17 3d6(3P)4p 2D
357881.0 358177 −296 0.5 52 3d6(3P)4p 2P + 36 3d6(3P)4p 2P
357948.3 358385 −437 2.5 33 3d6(3P)4p 2D + 26 3d6(3P)4p 2D + 24 3d6(3F)4p 2D
358724.8 359025 −300 3.5 51 3d6(3F)4p 2F + 22 3d6(3F)4p 2F + 14 3d6(1G)4p 2F
359141.2 359648 −507 1.5 42 3d6(3P)4p 2P + 30 3d6(3P)4p 2P + 8 3d6(3P)4p 2D
359491.9 359658 −166 2.5 66 3d6(3F)4p 2F + 25 3d6(3F)4p 2F
360058.2 360296 −238 4.5 57 3d6(1G)4p 2H + 34 3d6(1G)4p 2H
362142.8 362451 −308 3.5 26 3d6(1G)4p 2G + 25 3d6(1G)4p 2F + 12 3d6(1G)4p 2F
362144.7 362340 −195 5.5 61 3d6(1G)4p 2H + 36 3d6(1G)4p 2H
363396.8 363765 −368 2.5 54 3d6(1G)4p 2F + 26 3d6(1G)4p 2F + 8 3d6(1F)4p 2F
364606.6 364872 −265 4.5 63 3d6(1G)4p 2G + 27 3d6(1G)4p 2G
365071.1 365357 −286 3.5 40 3d6(1G)4p 2G + 17 3d6(1G)4p 2G + 16 3d6(1G)4p 2F
386004.2 385757 247 1.5 78 3d6(1D)4p 2D + 17 3d6(1D)4p 2D
386705.0 386447 258 2.5 78 3d6(1D)4p 2D + 17 3d6(1D)4p 2D
392652.5 392333 320 2.5 69 3d6(1D)4p 2F + 22 3d6(1D)4p 2F
394248.5 393841 408 1.5 64 3d6(1D)4p 2P + 25 3d6(1D)4p 2P + 7 3d6(1S)4p 2P
394391.0 394030 361 3.5 72 3d6(1D)4p 2F + 23 3d6(1D)4p 2F
394912.4 394512 400 0.5 65 3d6(1D)4p 2P + 25 3d6(1D)4p 2P + 8 3d6(1S)4p 2P
a From NIST compilation (Kramida et al. 2019).
b This work.
c Only the first three components greater than or equal to 5% are given.
Table A.11. Comparison between available experimental and calculated energy
levels in Cu vi. Energies are given in cm−1.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
Even parity
0.0 −84 84 4 99 3d6 5D
1195.8 1124 72 3 100 3d6 5D
1986.8 1925 62 2 99 3d6 5D
2489.4 2435 54 1 99 3d6 5D
2733.4 2683 50 0 99 3d6 5D
29285.0 29833 −548 2 60 3d6 3P + 38 3d6 3P
30417.6 30593 −175 6 99 3d6 3H
31009.2 31085 −76 5 95 3d6 3H + 5 3d6 3G
31287.6 31238 50 4 78 3d6 3H + 9 3d6 3F + 7 3d6 3G
32684.9 33379 −694 1 61 3d6 3P + 37 3d6 3P
32756.0 32863 −107 4 61 3d6 3F + 18 3d6 3F + 17 3d6 3H
33295.8 33384 −88 3 74 3d6 3F + 20 3d6 3F + 6 3d6 3G
33739.6 33871 −131 2 80 3d6 3F + 19 3d6 3F
33867.8 34556 −688 0 59 3d6 3P + 36 3d6 3P
37378.1 37313 65 5 95 3d6 3G + 5 3d6 3H
38468.9 38428 41 4 90 3d6 3G + 6 3d6 3F
38907.4 38799 108 3 93 3d6 3G + 5 3d6 3F
46405.8 46390 16 6 99 3d6 1I
46714.2 46253 461 2 97 3d6 3D
46848.3 46295 553 1 99 3d6 3D
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
47119.1 46637 482 3 99 3d6 3D
47611.6 46790 822 4 64 3d6 1G + 32 3d6 1G
53786.6 51951 1836 0 75 3d6 1S + 21 3d6 1S
54747.1 56277 −1530 2 76 3d6 1D + 21 3d6 1D
64967.6 65300 −332 3 97 3d6 1F
74712.0 74760 −48 0 63 3d6 3P + 37 3d6 3P
75774.1 75865 −91 1 62 3d6 3P + 38 3d6 3P
77145.0 77096 49 2 80 3d6 3F + 19 3d6 3F
77223.8 77161 63 4 77 3d6 3F + 22 3d6 3F
77467.9 77433 35 3 77 3d6 3F + 20 3d6 3F
77908.8 78179 −270 2 60 3d6 3P + 39 3d6 3P
87505.9 87861 −355 4 65 3d6 1G + 34 3d6 1G
117084.3 116858 226 2 78 3d6 1D + 22 3d6 1D
250876.6 250877 0 3 100 3d5(6S)4s 7S
265639.1 265603 36 2 100 3d5(6S)4s 5S
299143.0 299305 −162 6 100 3d5(4G)4s 5G
299250.6 299155 96 2 99 3d5(4G)4s 5G
299256.0 299330 −74 5 100 3d5(4G)4s 5G
299282.1 299226 56 3 99 3d5(4G)4s 5G
299292.9 299293 0 4 100 3d5(4G)4s 5G
308997.5 309110 −113 5 99 3d5(4G)4s 3G
309046.1 308936 110 3 49 3d5(4G)4s 3G + 43 3d5(4D)4s 5D + 7 3d5(4P)4s 5P
309110.8 309120 −9 4 98 3d5(4G)4s 3G
322791.9 322686 106 5 98 3d5(2I)4s 3I
322804.7 322780 25 6 98 3d5(2I)4s 3I
322877.3 322955 −78 7 100 3d5(2I)4s 3I
Odd parity
342225.2 342141 84 2 98 3d5(6S)4p 7P
343276.6 343180 97 3 97 3d5(6S)4p 7P
345137.1 345018 119 4 100 3d5(6S)4p 7P
355259.2 355237 22 3 95 3d5(6S)4p 5P
356137.2 356133 4 2 96 3d5(6S)4p 5P
356674.0 356681 −7 1 97 3d5(6S)4p 5P
388191.7 388311 −119 2 89 3d5(4G)4p 5G + 5 3d5(4G)4p 3F
388236.1 388349 −113 3 77 3d5(4G)4p 5G + 16 3d5(4G)4p 5H
388312.3 388472 −160 4 73 3d5(4G)4p 5G + 20 3d5(4G)4p 5H
388442.1 388673 −231 5 73 3d5(4G)4p 5G + 20 3d5(4G)4p 5H
388707.5 389019 −312 6 78 3d5(4G)4p 5G + 16 3d5(4G)4p 5H
390618.2 390155 463 3 81 3d5(4G)4p 5H + 13 3d5(4G)4p 5G
391198.1 390846 352 4 74 3d5(4G)4p 5H + 17 3d5(4G)4p 5G + 5 3d5(4G)4p 5F
391691.7 391484 208 5 63 3d5(4G)4p 5H + 19 3d5(4G)4p 5F + 12 3d5(4G)4p 5G
391986.5 391562 425 2 50 3d5(4P)4p 5D + 18 3d5(4D)4p 5D + 11 3d5(4D)4p 5F
392255.1 391888 367 3 35 3d5(4P)4p 5D + 20 3d5(4G)4p 5F + 14 3d5(4D)4p 5F
392516.7 392483 34 5 65 3d5(4G)4p 5F + 13 3d5(4G)4p 5H + 10 3d5(4G)4p 5G
392593.6 392347 247 6 80 3d5(4G)4p 5H + 18 3d5(4G)4p 5G
392712.6 392579 134 4 58 3d5(4G)4p 5F + 13 3d5(4D)4p 5F + 8 3d5(4P)4p 5D
393090.2 392801 289 7 100 3d5(4G)4p 5H
393425.4 393484 −59 2 63 3d5(4P)4p 5S + 10 3d5(4P)4p 3P + 8 3d5(4G)4p 5F
394014.7 393843 172 1 66 3d5(4G)4p 5F + 18 3d5(4D)4p 5F + 7 3d5(4F)4p 5F
394117.4 393985 132 3 53 3d5(4G)4p 5F + 16 3d5(4P)4p 5D + 12 3d5(4P)4p 5P
394133.8 394018 116 2 55 3d5(4G)4p 5F + 16 3d5(4P)4p 5D + 10 3d5(4P)4p 5S
395407.1 395136 271 4 58 3d5(4P)4p 5D + 19 3d5(4G)4p 5F + 17 3d5(4D)4p 5D
395601.0 395515 86 3 38 3d5(4P)4p 5P + 32 3d5(4D)4p 5P + 15 3d5(4P)4p 5D
396283.7 396337 −53 2 53 3d5(4P)4p 5P + 26 3d5(4D)4p 5P + 7 3d5(4P)4p 5S
396454.5 396408 47 2 78 3d5(4G)4p 3F + 5 3d5(4G)4p 5G
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Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
396523.6 396301 223 1 68 3d5(4P)4p 5P + 12 3d5(4D)4p 5P + 9 3d5(4P)4p 3P
396617.1 396817 −200 3 80 3d5(4G)4p 3F
396929.1 397233 −304 4 86 3d5(4G)4p 3F + 5 3d5(4F)4p 3F
397404.4 397291 113 6 91 3d5(4G)4p 3H
398022.8 397796 227 5 93 3d5(4G)4p 3H
398273.1 398215 58 2 44 3d5(4P)4p 3P + 16 3d5(4D)4p 3P + 14 3d5(4P)4p 5S
398376.6 398048 329 4 94 3d5(4G)4p 3H
398722.7 398594 129 1 44 3d5(4P)4p 3P + 16 3d5(4D)4p 3P + 9 3d5(4P)4p 5P
399112.8 399062 51 1 63 3d5(4D)4p 5F + 23 3d5(4G)4p 5F + 7 3d5(4P)4p 3P
399329.0 399161 168 0 61 3d5(4P)4p 3P + 20 3d5(4D)4p 3P + 12 3d5(4D)4p 5D
399434.6 399401 34 2 68 3d5(4D)4p 5F + 20 3d5(4G)4p 5F
399881.3 399835 46 3 69 3d5(4D)4p 5F + 13 3d5(4G)4p 5F
400562.7 400563 0 4 73 3d5(4D)4p 5F + 10 3d5(4G)4p 5F + 9 3d5(4P)4p 5D
401264.1 401233 31 5 89 3d5(4D)4p 5F + 7 3d5(4G)4p 5F
402134.1 401793 341 3 48 3d5(4D)4p 5D + 17 3d5(4P)4p 5D + 17 3d5(4P)4p 3D
402534.3 402164 370 4 67 3d5(4D)4p 5D + 20 3d5(4P)4p 5D + 5 3d5(4F)4p 5D
402766.8 402492 275 2 51 3d5(4D)4p 5D + 16 3d5(4P)4p 3D + 16 3d5(4P)4p 5D
402988.8 402994 −5 3 87 3d5(4G)4p 3G
403086.6 403204 −117 4 89 3d5(4G)4p 3G
403132.9 403356 −223 5 91 3d5(4G)4p 3G
403358.0 403166 192 1 46 3d5(4D)4p 5D + 15 3d5(4P)4p 5D + 13 3d5(4P)4p 3D
403366.0 403234 132 3 55 3d5(4P)4p 3D + 14 3d5(4D)4p 5P + 8 3d5(4D)4p 3F
403961.1 403895 66 2 51 3d5(4P)4p 3D + 17 3d5(4D)4p 5P + 6 3d5(4P)4p 5P
404096.2 404155 −59 1 38 3d5(4P)4p 3D + 34 3d5(4D)4p 5P + 11 3d5(4D)4p 3D
404184.0 403885 299 0 60 3d5(4D)4p 5D + 21 3d5(4P)4p 5D + 13 3d5(4P)4p 3P
404901.7 404853 49 1 37 3d5(4D)4p 5P + 18 3d5(4P)4p 3D + 17 3d5(4D)4p 5D
405213.5 404932 282 3 47 3d5(4D)4p 3D + 14 3d5(4D)4p 5D + 12 3d5(4P)4p 5P
405505.8 405583 −77 2 37 3d5(4D)4p 5P + 19 3d5(4P)4p 5P + 14 3d5(4D)4p 5D
406659.4 406340 319 2 68 3d5(4D)4p 3D + 9 3d5(4D)4p 5P + 8 3d5(4F)4p 3D
406752.6 406794 −41 3 35 3d5(4D)4p 5P + 29 3d5(4D)4p 3D + 19 3d5(4P)4p 5P
407217.4 406829 388 1 58 3d5(4D)4p 3D + 22 3d5(4P)4p 3D + 11 3d5(4F)4p 3D
407355.9 407418 −62 4 80 3d5(4D)4p 3F + 5 3d5(2G)4p 3F
408177.6 408244 −66 3 68 3d5(4D)4p 3F + 10 3d5(4P)4p 3D + 5 3d5(2G)4p 3F
408281.7 408282 0 2 74 3d5(4D)4p 3F + 10 3d5(4P)4p 3D + 5 3d5(2G)4p 3F
410288.7 410132 157 1 88 3d5(4P)4p 3S
411872.1 411571 301 6 72 3d5(2I)4p 3K + 22 3d5(2I)4p 3I
412326.4 412417 −91 5 60 3d5(2I)4p 3I + 20 3d5(2I)4p 1H + 8 3d5(2I)4p 3H
412439.9 412338 102 7 59 3d5(2I)4p 3K + 30 3d5(2I)4p 3I + 9 3d5(2I)4p 1K
412469.3 412937 −468 0 73 3d5(4D)4p 3P + 21 3d5(4P)4p 3P
413072.5 413620 −548 1 64 3d5(4D)4p 3P + 20 3d5(4P)4p 3P + 6 3d5(4P)4p 3S
413692.0 413746 −54 2 30 3d5(2F)4p 3F + 27 3d5(2D)4p 3F + 9 3d5(2D)4p 3F
414203.7 414269 −65 6 52 3d5(2I)4p 3I + 22 3d5(2I)4p 3H + 21 3d5(2I)4p 3K
414298.5 414354 −56 2 61 3d5(4D)4p 3P + 23 3d5(4P)4p 3P + 6 3d5(2D)4p 3P
415258.3 414553 705 3 32 3d5(2D)4p 3F + 22 3d5(2F)4p 3F + 14 3d5(2F)4p 3G
415520.0 415237 283 8 100 3d5(2I)4p 3K
415694.4 415718 −24 7 65 3d5(2I)4p 3I + 35 3d5(2I)4p 3K
415851.8 415791 61 2 24 3d5(2D)4p 1D + 19 3d5(2D)4p 3F + 16 3d5(2F)4p 1D
416024.9 416303 −278 5 46 3d5(2I)4p 1H + 31 3d5(2I)4p 3I + 7 3d5(2I)4p 3H
416410.9 416685 −274 6 67 3d5(2I)4p 3H + 20 3d5(2I)4p 3I
417099.5 416822 278 4 34 3d5(2D)4p 3F + 26 3d5(2F)4p 3F + 20 3d5(2F)4p 3G
417221.3 417595 −374 5 73 3d5(2I)4p 3H + 14 3d5(2I)4p 1H
417267.3 416949 318 7 89 3d5(2I)4p 1K + 5 3d5(2I)4p 3K
417511.5 417362 150 4 70 3d5(2I)4p 3H + 8 3d5(2G)4p 3H
419364.9 419479 −114 4 37 3d5(2F)4p 1G + 12 3d5(2I)4p 3H + 10 3d5(2F)4p 3G
419365.2 419002 363 2 37 3d5(2D)4p 3P + 12 3d5(2D)4p 3P + 11 3d5(2F)4p 3D
419605.8 419346 260 1 33 3d5(2D)4p 3P + 25 3d5(2D)4p 3D + 10 3d5(2D)4p 3P
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419864.2 419166 698 3 36 3d5(2F)4p 3G + 25 3d5(2F)4p 3F + 17 3d5(2D)4p 1F
420151.2 419979 172 2 73 3d5(4F)4p 5G + 7 3d5(2F)4p 3F
420201.1 420068 133 3 75 3d5(4F)4p 5G + 7 3d5(2F)4p 3G
420355.8 420300 56 3 34 3d5(2F)4p 3D + 30 3d5(2D)4p 3D + 11 3d5(2D)4p 3D
420699.4 420569 130 4 64 3d5(4F)4p 5G + 5 3d5(2F)4p 1G + 5 3d5(4F)4p 5F
420914.7 420771 144 5 53 3d5(4F)4p 5G + 9 3d5(4F)4p 5F + 8 3d5(2G)4p 3H
421423.5 421052 372 0 64 3d5(2D)4p 3P + 20 3d5(2D)4p 3P + 9 3d5(4F)4p 5D
421467.7 421427 41 2 44 3d5(2D)4p 3D + 15 3d5(2D)4p 3D + 14 3d5(4F)4p 5F
421516.1 421296 220 1 28 3d5(2D)4p 3D + 24 3d5(2D)4p 3P + 10 3d5(2D)4p 3D
421622.9 421647 −24 3 33 3d5(2F)4p 3D + 12 3d5(2D)4p 3D + 11 3d5(2D)4p 3F
421924.7 421657 268 4 31 3d5(2F)4p 3F + 26 3d5(2F)4p 3G + 12 3d5(4F)4p 5F
422221.2 422297 −76 3 55 3d5(4F)4p 5F + 23 3d5(4F)4p 5D
422269.8 422079 191 6 62 3d5(4F)4p 5G + 15 3d5(2I)4p 1I + 12 3d5(2G)4p 3H
422425.6 422346 80 4 32 3d5(4F)4p 5F + 22 3d5(4F)4p 5D + 16 3d5(2F)4p 3F
422613.1 422699 −86 2 49 3d5(4F)4p 5F + 25 3d5(4F)4p 5D + 8 3d5(2D)4p 3D
422833.7 422345 489 5 53 3d5(2F)4p 3G + 23 3d5(4F)4p 5G + 8 3d5(2H)4p 3G
422841.4 422565 276 4 33 3d5(2G)4p 3H + 31 3d5(2H)4p 3H + 5 3d5(4F)4p 5F
422858.7 422845 14 6 63 3d5(2I)4p 1I + 26 3d5(4F)4p 5G + 5 3d5(2H)4p 3H
423078.0 422925 153 1 33 3d5(2F)4p 3D + 25 3d5(2D)4p 1P + 21 3d5(4F)4p 5F
423123.7 423192 −68 5 37 3d5(4F)4p 5F + 29 3d5(2F)4p 3G + 9 3d5(4F)4p 5G
423304.7 423326 −21 1 50 3d5(4F)4p 5F + 15 3d5(4F)4p 5D + 10 3d5(2D)4p 3D
423374.7 423293 82 2 29 3d5(2F)4p 3F + 19 3d5(2F)4p 3D + 16 3d5(2D)4p 3F
423403.4 422923 480 3 17 3d5(2F)4p 3G + 15 3d5(2D)4p 3F + 13 3d5(2F)4p 3F
423618.3 423551 67 5 29 3d5(2G)4p 3H + 28 3d5(4F)4p 5F + 24 3d5(2H)4p 3H
424332.5 424006 327 4 16 3d5(2D)4p 3F + 15 3d5(2H)4p 3G
424482.8 424558 −75 3 17 3d5(2D)4p 1F + 16 3d5(2F)4p 3G + 7 3d5(2F)4p 3G
424511.8 424603 −91 2 40 3d5(2F)4p 3D + 10 3d5(2D)4p 3P + 9 3d5(4F)4p 5F
424590.4 424758 −168 5 43 3d5(2H)4p 3G + 13 3d5(2G)4p 3G + 9 3d5(2F)4p 3G
424697.7 424804 −106 4 24 3d5(2H)4p 3G + 10 3d5(2G)4p 3G + 7 3d5(2F)4p 3G
425101.8 425296 −194 4 41 3d5(4F)4p 5D + 25 3d5(4F)4p 5F + 5 3d5(4F)4p 5G
425544.3 425465 79 6 30 3d5(2H)4p 3H + 29 3d5(2G)4p 3H + 17 3d5(2I)4p 1I
425599.1 425439 160 3 25 3d5(2H)4p 3G + 14 3d5(2G)4p 3G + 6 3d5(2D)4p 1F
425877.0 425993 −116 3 57 3d5(4F)4p 5D + 21 3d5(4F)4p 5F + 5 3d5(4D)4p 5D
425954.6 426044 −89 0 87 3d5(4F)4p 5D + 7 3d5(2D)4p 3P
426008.4 426107 −99 1 73 3d5(4F)4p 5D + 10 3d5(4F)4p 5F
426112.6 426272 −159 2 59 3d5(4F)4p 5D + 15 3d5(4F)4p 5F + 6 3d5(2F)4p 3D
427330.6 426943 388 5 80 3d5(2H)4p 3I + 9 3d5(2H)4p 3H + 5 3d5(2G)4p 3H
427367.3 427382 −15 4 19 3d5(2F)4p 1G + 17 3d5(2G)4p 1G + 16 3d5(2G)4p 3G
427940.9 427716 225 3 29 3d5(2G)4p 3G + 22 3d5(4F)4p 3G + 9 3d5(2G)4p 3F
428048.7 427903 146 1 34 3d5(2F)4p 3D + 31 3d5(2D)4p 1P + 8 3d5(2D)4p 1P
428386.0 428190 196 5 63 3d5(4F)4p 3G + 11 3d5(2G)4p 3G + 11 3d5(4F)4p 5F
428430.6 428144 287 6 70 3d5(2H)4p 3I + 11 3d5(2H)4p 1I + 8 3d5(2G)4p 3H
428503.5 428561 −58 2 47 3d5(2F)4p 1D + 22 3d5(2D)4p 1D + 9 3d5(2G)4p 3F
428672.9 428362 311 4 55 3d5(4F)4p 3G + 13 3d5(2G)4p 3G + 6 3d5(2F)4p 1G
429135.6 429119 17 3 30 3d5(4F)4p 3G + 26 3d5(2G)4p 3F + 17 3d5(2F)4p 1F
429577.5 429705 −128 4 46 3d5(2G)4p 3F + 15 3d5(2G)4p 1G + 9 3d5(2F)4p 1G
429657.4 429915 −258 2 51 3d5(2G)4p 3F + 10 3d5(4F)4p 3F + 7 3d5(4D)4p 3F
429749.9 429487 263 7 94 3d5(2H)4p 3I
429873.4 429616 257 3 40 3d5(2F)4p 1F + 28 3d5(2G)4p 3F + 6 3d5(4F)4p 3D
431218.3 430922 296 6 72 3d5(2H)4p 1I + 11 3d5(2H)4p 3H + 10 3d5(2H)4p 3I
431231.7 431470 −238 2 46 3d5(4F)4p 3D + 14 3d5(2F)4p 1D + 10 3d5(2F)4p 3F
431530.7 431645 −114 3 39 3d5(4F)4p 3D + 12 3d5(2F)4p 3D + 12 3d5(2F)4p 3F
431766.6 432093 −326 4 56 3d5(4F)4p 3F + 25 3d5(2F)4p 3F
432272.4 432478 −206 1 76 3d5(4F)4p 3D + 7 3d5(4D)4p 3D + 6 3d5(2F)4p 3D
432839.7 433122 −282 3 57 3d5(4F)4p 3F + 17 3d5(4F)4p 3D + 11 3d5(2F)4p 3F
432840.8 432637 204 5 31 3d5(2G)4p 3H + 25 3d5(2G)4p 3G + 21 3d5(2H)4p 3H
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432939.3 432771 168 4 38 3d5(2H)4p 3H + 28 3d5(2G)4p 3H + 7 3d5(2H)4p 1G
433257.9 433681 −423 2 56 3d5(4F)4p 3F + 14 3d5(4F)4p 3D + 14 3d5(2F)4p 3F
434063.7 433893 171 5 24 3d5(2F)4p 3G + 21 3d5(2H)4p 3H + 18 3d5(2G)4p 3G
434264.0 434216 48 3 29 3d5(2F)4p 3G + 25 3d5(4F)4p 3G + 25 3d5(2G)4p 3G
434286.4 434177 109 4 25 3d5(2F)4p 3G + 15 3d5(4F)4p 3G + 12 3d5(2H)4p 3H
434722.8 434735 −12 6 44 3d5(2G)4p 3H + 36 3d5(2H)4p 3H + 15 3d5(2H)4p 1I
434812.2 434270 542 4 32 3d5(2F)4p 1G + 19 3d5(2G)4p 3G + 12 3d5(2G)4p 1G
435369.7 435912 −542 3 33 3d5(2G)4p 1F + 27 3d5(2F)4p 3F + 7 3d5(4F)4p 3F
435379.2 435701 −322 2 35 3d5(2F)4p 1D + 19 3d5(4F)4p 3F + 14 3d5(4F)4p 3D
435676.7 435632 45 5 51 3d5(2G)4p 1H + 24 3d5(2H)4p 1H + 13 3d5(2I)4p 1H
436243.7 436572 −328 3 31 3d5(2G)4p 1F + 21 3d5(2F)4p 3F + 11 3d5(2G)4p 3F
436475.9 436626 −150 2 41 3d5(2F)4p 3F + 32 3d5(2F)4p 1D + 12 3d5(2G)4p 3F
436506.5 436937 −431 4 48 3d5(2F)4p 3F + 18 3d5(4F)4p 3F + 7 3d5(2F)4p 1G
437233.9 437113 121 5 63 3d5(2H)4p 1H + 27 3d5(2G)4p 1H
438607.7 438028 580 1 54 3d5(2F)4p 3D + 25 3d5(2S)4p 3P + 5 3d5(2D)4p 3P
439180.1 438670 510 3 56 3d5(2F)4p 3D + 17 3d5(4F)4p 3D + 9 3d5(2F)4p 3D
439327.1 438564 763 2 70 3d5(2F)4p 3D + 8 3d5(2F)4p 3D + 6 3d5(4F)4p 3D
439706.8 439557 150 3 45 3d5(2H)4p 3G + 31 3d5(2F)4p 3G + 11 3d5(2G)4p 3G
439775.0 439309 466 1 54 3d5(2S)4p 3P + 27 3d5(2F)4p 3D + 8 3d5(2D)4p 3P
440372.2 440206 166 4 40 3d5(2H)4p 3G + 41 3d5(2F)4p 3G + 9 3d5(2G)4p 3G
440896.3 440593 303 5 53 3d5(2F)4p 3G + 34 3d5(2H)4p 3G + 8 3d5(2G)4p 3G
441375.8 441168 208 2 72 3d5(2S)4p 3P + 16 3d5(2D)4p 3P
443432.9 443588 −155 4 42 3d5(2H)4p 1G + 32 3d5(2F)4p 1G + 22 3d5(2G)4p 1G
444432.7 444820 −387 1 68 3d5(2S)4p 1P + 18 3d5(2D)4p 1P + 7 3d5(2D)4p 1P
445290.5 445891 −601 3 82 3d5(2F)4p 1F + 8 3d5(2F)4p 1F
453663.5 453452 212 2 55 3d5(2D)4p 3F + 31 3d5(2D)4p 3D + 5 3d5(2G)4p 3F
454176.3 454028 148 3 42 3d5(2D)4p 3F + 33 3d5(2D)4p 3D + 11 3d5(2D)4p 1F
454317.5 453641 677 1 89 3d5(2D)4p 3D
454921.2 454443 478 2 54 3d5(2D)4p 3D + 30 3d5(2D)4p 3F
456264.2 455816 448 3 54 3d5(2D)4p 3D + 38 3d5(2D)4p 3F
456545.2 456543 2 4 90 3d5(2D)4p 3F + 6 3d5(2G)4p 3F
457544.9 457456 89 3 69 3d5(2D)4p 1F + 12 3d5(2G)4p 1F + 10 3d5(2D)4p 3F
458688.9 459139 −450 0 84 3d5(2D)4p 3P + 14 3d5(2S)4p 3P
458731.8 459104 −372 2 66 3d5(2D)4p 3P + 16 3d5(2S)4p 3P + 7 3d5(2D)4p 3D
458778.9 459173 −394 1 72 3d5(2D)4p 3P + 15 3d5(2S)4p 3P + 5 3d5(2D)4p 3D
460536.5 460634 −98 1 70 3d5(2D)4p 1P + 16 3d5(2S)4p 1P + 7 3d5(2D)4p 3P
461609.3 461150 459 2 82 3d5(2D)4p 1D + 7 3d5(2D)4p 3P + 5 3d5(2F)4p 1D
464741.7 464767 −25 4 53 3d5(2G)4p 3H + 24 3d5(2G)4p 3F + 17 3d5(2G)4p 3G
465130.4 465125 5 4 54 3d5(2G)4p 3F + 33 3d5(2G)4p 3H + 5 3d5(2G)4p 1G
465460.0 465330 130 5 73 3d5(2G)4p 3H + 16 3d5(2G)4p 3G + 8 3d5(2G)4p 1H
465803.6 465969 −165 3 50 3d5(2G)4p 3F + 40 3d5(2G)4p 3G
467531.5 467729 −198 2 89 3d5(2G)4p 3F + 7 3d5(2D)4p 3F
467599.8 467392 208 6 97 3d5(2G)4p 3H
467819.2 467954 −135 3 54 3d5(2G)4p 3G + 39 3d5(2G)4p 3F
468335.2 468448 −113 4 79 3d5(2G)4p 3G + 9 3d5(2G)4p 3F + 8 3d5(2G)4p 3H
468738.6 468841 −102 5 75 3d5(2G)4p 3G + 20 3d5(2G)4p 3H
471595.2 471450 145 5 88 3d5(2G)4p 1H + 5 3d5(2G)4p 3G
471769.3 471973 −204 4 91 3d5(2G)4p 1G
473212.1 473441 −229 3 76 3d5(2G)4p 1F + 10 3d5(2D)4p 1F + 5 3d5(2D)4p 1F
481411.7 481292 120 0 74 3d5(2P)4p 3P + 21 3d5(2D)4p 3P
481793.2 481612 181 1 72 3d5(2P)4p 3P + 22 3d5(2D)4p 3P
483006.9 482815 192 2 70 3d5(2P)4p 3P + 24 3d5(2D)4p 3P
488810.3 488641 169 2 55 3d5(2P)4p 3D + 28 3d5(2P)4p 1D + 6 3d5(2D)4p 1D
488869.4 488819 50 1 88 3d5(2P)4p 3D + 6 3d5(2D)4p 3D
491155.1 491019 136 3 87 3d5(2P)4p 3D + 8 3d5(2D)4p 3D
491878.9 491764 115 2 46 3d5(2P)4p 1D + 34 3d5(2P)4p 3D + 12 3d5(2D)4p 1D
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493316.5 493517 −201 1 80 3d5(2P)4p 3S + 14 3d5(2P)4p 1P
495292.7 494929 364 1 59 3d5(2P)4p 1P + 17 3d5(2P)4p 3S + 16 3d5(2D)4p 1P
502689.0 502588 101 2 61 3d5(2D)4p 3F + 19 3d5(2D)4p 3F + 8 3d5(2D)4p 3D
503114.1 502969 145 3 58 3d5(2D)4p 3F + 18 3d5(2D)4p 3F + 9 3d5(2D)4p 3D
504630.2 504513 117 1 70 3d5(2D)4p 3D + 21 3d5(2D)4p 3D + 7 3d5(2P)4p 3D
505107.8 504938 170 4 71 3d5(2D)4p 3F + 23 3d5(2D)4p 3F + 6 3d5(2G)4p 3F
507108.1 507066 42 3 58 3d5(2D)4p 3D + 18 3d5(2D)4p 3D + 10 3d5(2D)4p 3F
507132.9 507310 −177 2 41 3d5(2D)4p 1D + 17 3d5(2P)4p 1D + 14 3d5(2D)4p 1D
509325.1 509521 −196 2 41 3d5(2D)4p 3P + 21 3d5(2P)4p 3P + 15 3d5(2D)4p 3P
509967.2 509818 149 3 68 3d5(2D)4p 1F + 21 3d5(2D)4p 1F + 6 3d5(2G)4p 1F
510178.2 510388 −210 1 54 3d5(2D)4p 3P + 25 3d5(2P)4p 3P + 19 3d5(2D)4p 3P
510942.6 511192 −249 0 55 3d5(2D)4p 3P + 24 3d5(2P)4p 3P + 19 3d5(2D)4p 3P
a From NIST compilation (Kramida et al. 2019).
b This work.
c Only the first three components greater than or equal to 5% are given.
Table A.12. Comparison between available experimental and calculated energy
levels in Cu vii. Energies are given in cm−1.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
Even parity
0.0 −13 13 2.5 100 3d5 6S
46442.7 46565 −122 5.5 100 3d5 4G
46515.3 46383 132 2.5 99 3d5 4G
46575.0 46604 −29 4.5 100 3d5 4G
46578.2 46520 58 3.5 99 3d5 4G
50731.7 50742 −10 2.5 86 3d5 4P + 12 3d5 4D
51066.6 51059 8 1.5 89 3d5 4P + 10 3d5 4D
51406.6 51420 −13 0.5 96 3d5 4P
55742.2 55792 −50 3.5 99 3d5 4D
56209.9 56168 42 0.5 96 3d5 4D
56427.2 56473 −46 2.5 87 3d5 4D + 12 3d5 4P
56428.5 56434 −6 1.5 89 3d5 4D + 10 3d5 4P
67757.3 67660 97 5.5 98 3d5 2I
67917.9 67993 −75 6.5 100 3d5 2I
70875.6 70762 114 2.5 49 3d5 2D + 32 3d5 2F + 15 3d5 2D
72226.8 72213 14 1.5 68 3d5 2D + 21 3d5 2D + 11 3d5 4F
74407.6 74668 −260 3.5 92 3d5 2F + 5 3d5 4F
75930.5 75980 −50 4.5 93 3d5 4F + 6 3d5 2G
76019.0 76095 −76 2.5 73 3d5 4F + 22 3d5 2F
76349.1 76277 72 3.5 91 3d5 4F + 6 3d5 2F
76886.0 76876 10 1.5 89 3d5 4F + 9 3d5 2D
77529.3 77389 140 2.5 44 3d5 2F + 24 3d5 2D + 23 3d5 4F
80717.0 80653 64 4.5 71 3d5 2H + 25 3d5 2G
81954.4 81992 −38 5.5 97 3d5 2H
82745.5 82790 −45 3.5 97 3d5 2G
83910.4 83935 −25 4.5 68 3d5 2G + 28 3d5 2H
87979.2 88025 −46 2.5 97 3d5 2F
88279.7 88128 152 3.5 97 3d5 2F
95875.4 95932 −57 0.5 100 3d5 2S
106957.0 106878 79 1.5 100 3d5 2D
107130.6 107135 −4 2.5 99 3d5 2D
119534.0 119545 −11 4.5 100 3d5 2G
119605.4 119648 −43 3.5 99 3d5 2G
143933.7 143910 24 1.5 99 3d5 2P
144077.2 144131 −54 0.5 100 3d5 2P
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Table A.12. continued.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
156224.4 156181 43 2.5 77 3d5 2D + 23 3d5 2D
156373.6 156377 −3 1.5 76 3d5 2D + 23 3d5 2D
Odd parity
497624.0 497489 135 1.5 90 3d4(5D)4p 6P + 7 3d4(5D)4p 4P
497863.0 497657 206 2.5 93 3d4(5D)4p 6P
498317.0 498057 260 3.5 98 3d4(5D)4p 6P
498775.0 499069 −294 0.5 65 3d4(5D)4p 4P + 32 3d4(5D)4p 6D
500706.0 500802 −96 1.5 51 3d4(5D)4p 4P + 36 3d4(5D)4p 6D + 10 3d4(5D)4p 6P
502909.0 502882 27 2.5 58 3d4(5D)4p 6D + 34 3d4(5D)4p 4P + 6 3d4(5D)4p 6P
504338.0 504276 62 0.5 68 3d4(5D)4p 6D + 31 3d4(5D)4p 4P
504729.0 504631 98 1.5 60 3d4(5D)4p 6D + 38 3d4(5D)4p 4P
505447.0 505280 167 2.5 59 3d4(5D)4p 4P + 38 3d4(5D)4p 6D
508524.0 508408 116 1.5 94 3d4(5D)4p 4F
508877.0 508703 174 2.5 92 3d4(5D)4p 4F
509418.0 509167 251 3.5 89 3d4(5D)4p 4F + 5 3d4(5D)4p 6D
510250.0 509928 322 4.5 81 3d4(5D)4p 4F + 14 3d4(5D)4p 6D
517847.0 518055 −208 0.5 96 3d4(5D)4p 4D
518282.0 518443 −161 1.5 96 3d4(5D)4p 4D
518863.0 518976 −113 2.5 96 3d4(5D)4p 4D
519415.0 519509 −94 3.5 96 3d4(5D)4p 4D
528494.0 528566 −72 3.5 74 3d4(3H)4p 4H + 21 3d4(3G)4p 4H
529027.0 529068 −41 4.5 69 3d4(3H)4p 4H + 19 3d4(3G)4p 4H + 8 3d4(3H)4p 4I
529891.0 529884 7 5.5 70 3d4(3H)4p 4H + 17 3d4(3G)4p 4H + 11 3d4(3H)4p 4I
531047.0 531008 39 6.5 76 3d4(3H)4p 4H + 13 3d4(3G)4p 4H + 9 3d4(3H)4p 4I
532460.0 532075 385 2.5 40 3d4(3P)4p 4D + 26 3d4(3P)4p 4D + 17 3d4(3F)4p 4D
533066.0 533079 −13 3.5 27 3d4(3F)4p 4G + 17 3d4(3G)4p 4G + 14 3d4(3F)4p 4G
533103.0 532965 138 4.5 58 3d4(3H)4p 4I + 8 3d4(3H)4p 4H + 7 3d4(3H)4p 2G
533685.0 533587 98 0.5 41 3d4(3P)4p 4P + 22 3d4(3P)4p 4P + 15 3d4(3P)4p 2S
534128.0 533733 395 4.5 29 3d4(3H)4p 4I + 14 3d4(3F)4p 4G + 13 3d4(3H)4p 4G
534204.0 533796 408 3.5 31 3d4(3F)4p 4D + 25 3d4(3P)4p 4D + 16 3d4(3P)4p 4D
534912.0 534654 258 5.5 67 3d4(3H)4p 4I + 11 3d4(3H)4p 4G + 11 3d4(3H)4p 4H
535632.0 535162 470 5.5 38 3d4(3H)4p 4G + 25 3d4(3G)4p 4G + 19 3d4(3H)4p 4I
536229.0 536291 −62 1.5 55 3d4(3P)4p 4P + 29 3d4(3P)4p 4P
536650.0 536534 116 4.5 31 3d4(3H)4p 2G + 20 3d4(3F)4p 2G + 14 3d4(3G)4p 4G
537169.0 537180 −11 2.5 33 3d4(3H)4p 4G + 27 3d4(3F)4p 4G + 14 3d4(3G)4p 4G
537802.0 537633 169 3.5 46 3d4(3H)4p 4G + 32 3d4(3F)4p 4G + 14 3d4(3G)4p 4G
537874.0 537807 67 2.5 44 3d4(3F)4p 4F + 11 3d4(3F)4p 2D + 9 3d4(3H)4p 4G
538144.0 537939 205 4.5 42 3d4(3F)4p 4G + 36 3d4(3H)4p 4G + 7 3d4(3F)4p 4G
538624.0 538331 293 2.5 54 3d4(3P)4p 4P + 28 3d4(3P)4p 4P + 5 3d4(3P)4p 2D
538749.0 538777 −28 3.5 60 3d4(3F)4p 4F + 11 3d4(3F)4p 4F + 10 3d4(3G)4p 4F
539041.0 538800 241 5.5 60 3d4(3F)4p 4G + 18 3d4(3H)4p 4G + 13 3d4(3F)4p 4G
539146.0 539272 −126 4.5 54 3d4(3F)4p 4F + 15 3d4(3G)4p 4F + 10 3d4(3F)4p 4F
539640.0 539940 −300 2.5 14 3d4(3F)4p 2D + 14 3d4(3G)4p 4F + 12 3d4(3G)4p 2F
540086.0 540131 −45 1.5 21 3d4(3F)4p 2D + 21 3d4(3F)4p 4F + 9 3d4(3D)4p 2D
540915.0 540877 38 1.5 37 3d4(3F)4p 4D + 13 3d4(3F)4p 4D + 10 3d4(3G)4p 4F
540925.0 540904 21 3.5 22 3d4(3G)4p 4F + 22 3d4(3P)4p 4D + 14 3d4(3P)4p 4D
541444.0 541807 −363 2.5 27 3d4(3G)4p 2F + 14 3d4(3D)4p 2F + 12 3d4(3F)4p 4D
541457.0 541680 −223 4.5 31 3d4(3H)4p 2H + 26 3d4(3G)4p 4H + 12 3d4(3G)4p 2H
541509.0 540981 528 6.5 82 3d4(3H)4p 2I + 11 3d4(3G)4p 4H
541884.0 541745 139 3.5 69 3d4(3G)4p 4H + 21 3d4(3H)4p 4H
542239.0 542259 −20 4.5 49 3d4(3G)4p 4F + 18 3d4(3F)4p 4F + 9 3d4(3D)4p 4F
542362.0 542676 −314 3.5 16 3d4(3G)4p 2F + 16 3d4(3D)4p 2F + 16 3d4(3G)4p 4F
542394.0 542133 261 1.5 21 3d4(3G)4p 4F + 14 3d4(3F)4p 4F
542776.0 542901 −125 2.5 37 3d4(3G)4p 4F + 15 3d4(3F)4p 4F + 15 3d4(3F)4p 4D
543188.0 543060 128 5.5 36 3d4(3G)4p 4H + 26 3d4(3H)4p 2H + 16 3d4(3G)4p 2H
543217.0 543139 78 3.5 24 3d4(3F)4p 4D + 19 3d4(3G)4p 4F + 10 3d4(3F)4p 4F
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Table A.12. continued.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
543244.0 543002 242 1.5 22 3d4(3G)4p 4F + 19 3d4(3P)4p 2P + 14 3d4(3F)4p 4D
543574.0 543293 281 4.5 48 3d4(3G)4p 4H + 23 3d4(3H)4p 2H + 11 3d4(3H)4p 4H
544873.0 544242 631 1.5 36 3d4(3P)4p 2D + 23 3d4(3P)4p 2D + 9 3d4(3G)4p 4F
546268.0 545746 522 2.5 41 3d4(3P)4p 2D + 26 3d4(3P)4p 2D + 5 3d4(3P)4p 4P
546771.0 546378 393 2.5 55 3d4(3F)4p 2F + 20 3d4(3G)4p 2F + 5 3d4(3P)4p 2D
546881.0 546990 −109 3.5 26 3d4(3F)4p 2G + 15 3d4(3F)4p 2G + 14 3d4(3H)4p 2G
547090.0 547235 −145 5.5 38 3d4(3G)4p 2H + 18 3d4(3H)4p 2H + 16 3d4(3G)4p 4G
547381.0 547495 −114 4.5 23 3d4(3F)4p 2G + 12 3d4(3F)4p 2G + 12 3d4(3G)4p 2G
547565.0 547500 65 3.5 50 3d4(3F)4p 2F + 30 3d4(3G)4p 2F
548001.0 547913 88 2.5 52 3d4(3G)4p 4G + 32 3d4(3H)4p 4G + 5 3d4(3F)4p 2F
548491.0 548364 127 3.5 49 3d4(3G)4p 4G + 24 3d4(3H)4p 4G + 6 3d4(3F)4p 2G
549249.0 549135 114 4.5 40 3d4(3G)4p 4G + 18 3d4(3H)4p 4G + 13 3d4(3G)4p 2H
550007.0 549870 137 5.5 46 3d4(3G)4p 4G + 21 3d4(3G)4p 2H + 18 3d4(3H)4p 4G
550053.0 550667 −614 2.5 61 3d4(3D)4p 4P + 26 3d4(3D)4p 4D + 5 3d4(3P)4p 4P
551508.0 552407 −899 3.5 75 3d4(3D)4p 4D + 7 3d4(3D)4p 4F + 5 3d4(3G)4p 4F
551743.0 552463 −720 2.5 48 3d4(3D)4p 4D + 26 3d4(3D)4p 4P + 8 3d4(3D)4p 4F
551903.0 551648 255 6.5 60 3d4(1I)4p 2I + 34 3d4(1I)4p 2K + 6 3d4(3H)4p 2I
552334.0 553189 −855 3.5 46 3d4(1G)4p 2F + 20 3d4(1G)4p 2F + 18 3d4(3G)4p 2G
552359.0 552167 192 5.5 88 3d4(1I)4p 2I
553130.0 553419 −289 1.5 69 3d4(3D)4p 4P + 11 3d4(3D)4p 4D + 7 3d4(3D)4p 4F
553490.0 553853 −363 4.5 51 3d4(3G)4p 2G + 21 3d4(3H)4p 2G + 11 3d4(1G)4p 2G
553703.0 553770 −67 3.5 49 3d4(3G)4p 2G + 17 3d4(3H)4p 2G + 9 3d4(1G)4p 2F
553950.0 554244 −294 0.5 87 3d4(3D)4p 4P + 7 3d4(3P)4p 4P
554123.0 554268 −145 4.5 47 3d4(1G)4p 2H + 21 3d4(1G)4p 2H + 10 3d4(3G)4p 2H
554201.0 555068 −867 0.5 39 3d4(3D)4p 2P + 35 3d4(1S)4p 2P + 9 3d4(3D)4p 4D
555069.0 555490 −421 5.5 54 3d4(1G)4p 2H + 18 3d4(1G)4p 2H + 11 3d4(1I)4p 2H
555137.0 556274 −1137 1.5 62 3d4(3D)4p 2P + 19 3d4(1S)4p 2P + 6 3d4(3D)4p 4D
555295.0 554827 468 6.5 64 3d4(1I)4p 2K + 35 3d4(1I)4p 2I
555314.0 555863 −549 2.5 49 3d4(1G)4p 2F + 23 3d4(1G)4p 2F + 6 3d4(3G)4p 2F
555395.0 555919 −524 3.5 63 3d4(3D)4p 4F + 19 3d4(3G)4p 4F + 12 3d4(3D)4p 4D
555800.0 556340 −540 4.5 76 3d4(3D)4p 4F + 19 3d4(3G)4p 4F
558348.0 559260 −912 3.5 45 3d4(1G)4p 2G + 30 3d4(1G)4p 2G + 9 3d4(3G)4p 2G
559339.0 560050 −711 4.5 42 3d4(1G)4p 2G + 32 3d4(1G)4p 2G + 18 3d4(3G)4p 2G
560328.0 560307 21 1.5 34 3d4(1D)4p 2D + 18 3d4(1S)4p 2P
560658.0 560942 −284 5.5 65 3d4(1I)4p 2H + 13 3d4(1G)4p 2H + 9 3d4(3G)4p 2H
561271.0 561860 −589 0.5 40 3d4(3D)4p 2P + 29 3d4(1S)4p 2P + 12 3d4(1D)4p 2P
561677.0 561998 −321 4.5 80 3d4(1I)4p 2H + 10 3d4(3G)4p 2H + 8 3d4(1G)4p 2H
561985.0 561596 389 2.5 47 3d4(1D)4p 2D + 19 3d4(3D)4p 2D + 17 3d4(1D)4p 2D
562178.0 562598 −420 3.5 62 3d4(3D)4p 2F + 10 3d4(3G)4p 2F + 7 3d4(1F)4p 2F
562816.0 563160 −344 2.5 49 3d4(3D)4p 2F + 19 3d4(1F)4p 2F + 16 3d4(3G)4p 2F
563705.0 564030 −325 1.5 25 3d4(1D)4p 2D + 24 3d4(1S)4p 2P + 12 3d4(3D)4p 2P
565170.0 565169 1 1.5 70 3d4(3D)4p 2D + 15 3d4(3F)4p 2D + 5 3d4(1D)4p 2D
565670.0 565238 432 2.5 35 3d4(1D)4p 2F + 20 3d4(3D)4p 2D + 16 3d4(3D)4p 2F
567069.0 566385 684 2.5 35 3d4(3D)4p 2D + 18 3d4(1D)4p 2F + 16 3d4(1D)4p 2D
567778.0 566943 835 3.5 49 3d4(1D)4p 2F + 28 3d4(1F)4p 2F + 12 3d4(1D)4p 2F
572310.0 571556 754 2.5 61 3d4(1F)4p 2F + 12 3d4(1G)4p 2F + 11 3d4(1D)4p 2F
573402.0 573064 338 0.5 68 3d4(1D)4p 2P + 14 3d4(1D)4p 2P + 9 3d4(1S)4p 2P
573463.0 572399 1064 3.5 46 3d4(1F)4p 2F + 23 3d4(1D)4p 2F + 10 3d4(1G)4p 2F
574043.0 573284 759 1.5 56 3d4(1D)4p 2P + 16 3d4(1S)4p 2P + 12 3d4(1G)4p 2P
575709.0 575410 299 3.5 84 3d4(1F)4p 2G + 6 3d4(1F)4p 2F
578193.0 577847 346 4.5 90 3d4(1F)4p 2G
582101.0 582247 −146 2.5 59 3d4(3F)4p 4F + 11 3d4(3P)4p 4D + 8 3d4(3F)4p 4F
582434.0 582473 −39 3.5 65 3d4(3F)4p 4F + 8 3d4(3F)4p 4D + 8 3d4(3F)4p 4F
582632.0 582763 −131 1.5 37 3d4(3F)4p 4F + 13 3d4(1F)4p 2D + 11 3d4(3P)4p 4D
583223.0 583285 −62 4.5 82 3d4(3F)4p 4F + 9 3d4(3F)4p 4F
583496.0 583891 −395 1.5 20 3d4(3P)4p 4P + 16 3d4(3P)4p 4D + 16 3d4(3F)4p 4F
583853.0 583914 −61 2.5 23 3d4(3P)4p 4D + 21 3d4(3F)4p 4F + 12 3d4(3P)4p 4D
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Table A.12. continued.
Eexpa Ecalcb ∆E J Leading components (in %) in LS couplingc
584627.0 584697 −70 3.5 32 3d4(3P)4p 4D + 19 3d4(3F)4p 4D + 16 3d4(3F)4p 4F
586361.0 586509 −148 2.5 29 3d4(3F)4p 4G + 17 3d4(3P)4p 4P + 13 3d4(3F)4p 2F
587400.0 587450 −50 3.5 37 3d4(3F)4p 4G + 28 3d4(3F)4p 2F + 12 3d4(3F)4p 4G
588525.0 588525 0 2.5 26 3d4(1F)4p 2D + 19 3d4(3P)4p 2D + 13 3d4(3P)4p 2D
589098.0 589136 −38 3.5 39 3d4(3F)4p 2F + 31 3d4(3F)4p 4G + 10 3d4(3F)4p 4G
589132.0 589220 −88 1.5 33 3d4(1F)4p 2D + 21 3d4(3P)4p 2D + 17 3d4(3F)4p 2D
596473.0 596393 80 4.5 70 3d4(3F)4p 2G + 20 3d4(3F)4p 2G
596790.0 597023 −233 1.5 61 3d4(3P)4p 2P + 25 3d4(3P)4p 2P + 7 3d4(3D)4p 2P
597774.0 597560 214 3.5 72 3d4(3F)4p 2G + 22 3d4(3F)4p 2G
599993.0 599594 399 4.5 40 3d4(1G)4p 2H + 22 3d4(1G)4p 2G + 19 3d4(1G)4p 2H
600555.0 600479 76 3.5 51 3d4(1G)4p 2G + 31 3d4(1G)4p 2G + 7 3d4(1G)4p 2F
601692.0 601391 301 0.5 54 3d4(3P)4p 2S + 41 3d4(3P)4p 2S
603569.0 603112 457 4.5 37 3d4(1G)4p 2G + 23 3d4(1G)4p 2H + 22 3d4(1G)4p 2G
604021.0 603515 506 5.5 65 3d4(1G)4p 2H + 31 3d4(1G)4p 2H
604655.0 604594 61 3.5 53 3d4(1G)4p 2F + 16 3d4(1G)4p 2F + 8 3d4(1G)4p 2G
605306.0 605304 2 2.5 58 3d4(1G)4p 2F + 18 3d4(1G)4p 2F + 9 3d4(1D)4p 2F
608598.0 608701 −103 2.5 49 3d4(3F)4p 2D + 18 3d4(3F)4p 2D + 16 3d4(3P)4p 2D
609072.0 609176 −104 1.5 44 3d4(3F)4p 2D + 21 3d4(3P)4p 2D + 18 3d4(3F)4p 2D
634888.0 634813 75 3.5 72 3d4(1D)4p 2F + 19 3d4(1D)4p 2F + 5 3d4(1G)4p 2F
a From van het Hof et al. (1990).
b This work.
c Only the first three components higher than or equal to 5% are given.
Table A.13. Calculated HFR oscillator strengths (log gi fik) and transition prob-
abilities (gkAki) in Cu iv. CF is the absolute value of the cancellation factor as
defined by Cowan (1981). In Cols. 3 and 6, e represents even and o odd. This
table is only available via the GAVO service TOSS (http://dc.g-vo.org/
TOSS).
Lower level Upper level
Wavelengtha / Å Energyb / cm−1 Parity J Energyb / cm−1 Parity J log gi fik gkAki / s−1 CF
Notes. (a) All wavelengths (given in vacuum for λ < 2000Å, air for 2000Å ≤ λ ≤ 20000Å, vacuum
for 20000Å < λ) are deduced from experimental energy levels. (b) Experimental energy levels taken from
Kramida et al. (2019)
.
Table A.14. Calculated HFR oscillator strengths (log gi fik) and transition prob-
abilities (gkAki) in Cu v. CF is the absolute value of the cancellation factor as
defined by Cowan (1981). In Cols. 3 and 6, e represents even and o odd. This
table is only available via the GAVO service TOSS (http://dc.g-vo.org/
TOSS).
Lower level Upper level
Wavelengtha / Å Energyb / cm−1 Parity J Energyb / cm−1 Parity J log gi fik gkAki / s−1 CF
Notes. (a) All wavelengths (given in vacuum for λ < 2000Å, air for 2000Å ≤ λ ≤ 20000Å, vacuum
for 20000Å < λ) are deduced from experimental energy levels. (b) Experimental energy levels taken from
Kramida et al. (2019)
.
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Table A.15. Calculated HFR oscillator strengths (log gi fik) and transition prob-
abilities (gkAki) in Cu vi. CF is the absolute value of the cancellation factor as
defined by Cowan (1981). In Cols. 3 and 6, e represents even and o odd. This
table is only available via the GAVO service TOSS (http://dc.g-vo.org/
TOSS).
Lower level Upper level
Wavelengtha / Å Energyb / cm−1 Parity J Energyb / cm−1 Parity J log gi fik gkAki / s−1 CF
Notes. (a) All wavelengths (given in vacuum for λ < 2000Å, air for 2000Å ≤ λ ≤ 20000Å, vacuum
for 20000Å < λ) are deduced from experimental energy levels. (b) Experimental energy levels taken from
Kramida et al. (2019)
.
Table A.16. Calculated HFR oscillator strengths (log gi fik) and transition prob-
abilities (gkAki) in Cu vii. CF is the absolute value of the cancellation factor as
defined by Cowan (1981). In Cols. 3 and 6, e represents even and o odd. This
table is only available via the GAVO service TOSS (http://dc.g-vo.org/
TOSS).
Lower level Upper level
Wavelengtha / Å Energyb / cm−1 Parity J Energyb / cm−1 Parity J log gi fik gkAki / s−1 CF
Notes. (a) All wavelengths (given in vacuum for λ < 2000Å, air for 2000Å ≤ λ ≤ 20000Å, vacuum
for 20000Å < λ) are deduced from experimental energy levels. (b) Experimental energy levels taken from
van het Hof et al. (1990)
.
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